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1.0 ABSTRACT

This report covers the entire work effort done on this program from

15 June 1964 to 31 March 1967. This effort was principally a research, design

and development program providing modularization concepts, techniques, and

circuitry for nondissipative regulator converters.

A variable frequency self-stabilizing chopper circuit was investigated

during the first phase of this program. Although successful open loop control

of this circuit was obtained on several breadboards, it was recommended that

further development of this circuit be discontinued because of the undue control

circuit complexity required to satisfy the electrical requirements, and con-

sequently the failure of this circuit to achieve the modularization goals. Develop-

ment of these breadboards was conducted only to the extent of obtaining satis-

factory static open loop performance; no investigations were conducted with this

circuit into the areas of circuit protection or dynamic response.

A fixed frequGmcy self-stabilizing booster circuit was +also investigated

during the first phase of this program, and successful open loop control of this

circuit was obtained with several breadboards. Development effort during this

phase was limited to static open loop performance only. It was recommended,

at the completion of the Phase I program, that further development effort be

conducted with this circuit to obtain satisfactory closed loop performance. At

this time, the following problem areas were known and recognized: Input

current ripple, output voltage ripple, and circuit protection. Any potential

problem areas with closed loop static regulation or dynamic response were

unpredictable at this time.

Successful solutions to the input/output ripple problems were obtained

by selection and applicati'on of appropriate passive filter circuit configurations;

this effortwas covered in detail in the sixth quarterly report. A solution to the

circuit protection problem was achieved during the sixth quarter's effort.

However, this solution provided circuit protection for short circuit load conditions

only. In subsequent reviews with the NASA technical representatives, it was

determined that overload protection, in addition to short circuit protection, would

be highly desirable at the lower power levels (10 and 25 watts). A successful

solution to this problem was obtained during the seventh quarter's effort.

Effort toward obtaining closed loop control of the booster converters was

initiated during the sixth quarter. The initial test results by the end of that

quarter indicate_ that the static regulation requirement of ± lC, _Id be obtained

with the control and regulator circuits tentatively selected. C_stent wit_}.
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program plan, no detailed passive andactive componenttolerance effects or
dyns_tc response datahad beencovered in anydetail by the completion of this
quarterly period.

The componenttolerance investigations conducted during the seventh

quarter pointed out several deficiencies in the valtage regulator circuit that

had been tentatively selected in the previous quarter. The results of these

investigations showed that additional amplifiers would be required to insure

that the static regulation requirement could be obtained under all load, line

and ambient conditions, However_ the use of these additional circuits caused

severe stability problems. The stability problems were solved by the use

of several compensating circuits within the voltage regulator.

DyaamlCr_onse lnvesti_tlons were conducted at the same time as the

component t_Iorauce lnvestigs_tons.. An empirical approach rather than a formal

analytical approach was applied in this effort.because of the funding limitations

of the program. The initial results of these InvestigatiOns definitely showed

that the desired dynamic response _ particularly that of dynamic voltage regu-

lation ( + 2% peak voltage), could not be met with. the high gain voltage regulators

with multiple compensating circuits. Additional dynamic response testing with

the original voltage regulator circuit selected showed that the dynamic response

design goals could be met over a large portion of the input voltage range. The

above results were reperted in the seventh quarterly report. It was decided

that the original voltage regulator circuit investigated be used with special

consideration given to minimizing the component tolerance effects,

The interfacing of the closed loop control booster converters and the con-

verter protection circuits resulted in the problem of output voltage sensing.

Solutions to this problem were satisfactorily obtained and the results reported
in the seventh quarterly report.

It was recommended at the end of the Phase I effort that a new series of

chopper regulator converters be investigated using the control concepts success-

fully obtained with the booster regulator converters. In addition, a unified

power stage concept was presented which indicated that identical power com-

ponents could be used in either a chopper or booster configuration with proper

consideration given to the direction of power flow, Indications were also evident

that the same control and regulator circuits could be used in either a chopper

or booster configuration with appropriate changes being made to accommodate

the different operating voltage levels. This effort was initiated in the seventh

quarter.

1-2
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A severe design problem was uncovered when attempting to operate over

the entire input voltage range. The detaiI factors contributing to this problem

were the set-reset limitations of the driver transformer, the reverse bias

emitter base voltage rating of the main chopper transistor and the minimum

required reset time of the basic frequency source. In a subsequent review of

this problem with the NASA technical representatives, it was agreed that

operation of the new choppers over'a limited input voltage range would be

acceptable. This modification eliminated the problem area. Although the

main chopper transistor is now operating at the limit of its emitter base

voltage ratings, reliability considerations still point to this item as a problem

area. No detail effort was expended to obtain closed loop performance,

obtain satisfactory circuit protection, or dlmmntc response,

1-3
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2.0 PURPOSE
q j t ,

The purpose of this program was to provide concepts, techniques, and

developed modular circuitry for non-dissipative DC to DC converters in the

power range of up to 100 watts.

Major program goals were the maximization of efficiency, simplicity,

and reliability, along with the minimization of size, weight, and response times
of the converters.

The circuits were to be modular in concept, so that a minimum of develop-

ment would be required to tailor a circuit to a specific application requirement.

The concept was to also allow, inasmuch as practical, for the use of state-of-

the-ax_ _U_tac_zing tec_es.

The p_mgram was multi-plmsed, including a study,, analysis, and design

phase, and k bx, eadboard phase during which the concepts wex'e to be verified

by construction and test of eight breadboards in the Phase I program, and 8

additional breadboards in the Phase II program.

2-1
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3. 0 INTRODUCTI.ON

This report covers the entire work effort done on this program from 15

June 1964 to 31 March 1967. This effort was principally a research, design,

and development program providing modularization concepts, techniques and

circuitry for nondissipatlve regulator converters. The regulator converters

studied in this program were to be capable of providing voltage regulation

under variable conditions of line, load, and environment. Considerations were

to be given to: Reliability, efficiency, weight, size, input and output ripple,

dynamic regulation, and recovery time. The electrical characteristics of the

regulator converters is given in Table I.

The pro_a_ wa0 divided into two major pha_L The effoFt in Phase I

was._ concerned with the power stage ciz_cultry. The effort in Phase

H was principally concerned with obtaining closed loop control, input and out-

put ripple filtering, and circuit protection.

Phase I Effort

An initial search and analysis phase was conducted. Included in this

effort was a literature search, an analysis of voltage control techniques, a

study of efficiency versus switching frequency and a component materials

review.

Development effort was first initiated on the chopper series of regulator

converters. The self-stabilizing chopper was selected as the basic power stage.

Several problem areas with the self-stabilizing scheme were uncovered early

in the breadboard development phase which required extensive investigations.

The problems were associated with circuit starting, circuit recovery time,

and balanced operation. Solutions of each of these problems were determined.

A nominal switching frequency was selected based on frequency-efficiency

testing and a preliminary size and weight analysis of the 10 watt chopper.

Initial development effort on the chopper circuit was done at the 10 watt

level. Scaling designs for the 25, 50 and 100 watt power levels were based on

the results of the 10 watt development program.

Development effort on the booster series of regulator-converters was

initiated near the completion of development effort on the chopper power supplies.

The results of the frequency-efficiency testing were utilized in the sele6tion of

3-1
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thenominalswitching frequency for the booster. A "flyback booster" using

a line compensated pulse width modulator was selected for the basic power

stage. Minor development problems occurred, such as selection of choke

inductance for proper no load and full load operation, limiting the flyback

transistor peak current and control circuit compensation. Solutions to these

problems were determined.

Initial development effort on the booster circuit was done at the 10 watt

level. Scaling designs for the 25, 50, and 100 watt power levels were based

on the results of the 10 watt program.

Selected electrical performance tests were run on the four chopper bread-

boards and four booster breadboards. These breadboards were open-loop

configurations and were manually controlled. Data analysis was performed on

each of the 10 watt power supplies.

Phase II Effort

Continuing development effort was made on the booster regulator con-

verters previously investigated in the Phase I effort. Areas covered in Phase II

included control circuits, protection circuits, input and output filter circuits,

closed loop control operation, dynamic regulation and recovery time. Selected

performance tests were run on four booster breadboards of power levels of

_v, 25, 50, and 100 watts. These breadboards were complete closed loop

controlled configurations.

New development effort was started on a chopper regulator converter

having the same control circuits" previously developed.for the booster regulator

converters. Initial development on the new chopper circuit was done at the

10 watt level. Scaling designs for the 25, 50, and 100 watt power levels were

based on the results of the 10 watt program. Selected electrical performance

tests were run on the four chopper breadboards. These breadboards were

open loop configurations and were manually controlled.

3-2
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TABLE I

ELECTRICAL CHARACTERISTICS OF PRE-REGULATOR CONVERTERS

Reg. - Conv.

Configuration

A

B

C

D

E

F

G

H

All:

Voltage

Input, _ Output 'V

10-20

10-20

10-20

10-20

12-20

12-20

22-33

22-33

22

9

22

9

22

11

35

21

Regulation:

Power

Watts

10

i0

28

25

50

50

100

100

V out

Ripple

MV P-P

20

20

40

40

60

60

75

80

I in Size

Ripple Cu. Weight
MA PK In. Oz.

15 15 I0

28 15 10

30 20 12

50 20 12

60 25 14

100 25 14

120 30 16
I

200 30 I 16
I
i

+ 1% for Line and 75-100% or 100-75% Load

Recovery Time: 50 m sec. maximum (I0 milliseconds objective)

Transient Excursion: ± 2% maximum

Efficiency: 90% minimum with output powers above 25%

Temperature: -20 to +70°C

3-3
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4.0 TECHI_CAL DISCUSSION

4.1 Initial Search and Analysis

4.1.1 Literature Search

The literature search revealed only five basic, non-dissipative switching
type regulator-converters. They are:

ao

b.

C.

d.

e.

Chopper Regulator

Capacitive Divider

Bedford Step-up

Capacitive Doubler

Inverter-Rectifier

The first two are "buck" systems, the second two are "boost" systems,
and the lut may be eit1_r.

Of these five basic types, a number of varfatlons exist. The most

obvious variation is the push-puU connection. In general, the other variations

differ only in drive circuitry and the means of controlling the output duty cycle.

The only known exception to this statement is the use of the '_ositive clamp"

which changes the inverter-rectifier to the booster and hence modifies the circuit
function.

There are also many other variations which use a combination of basic

circuits. An example is the use of a chopper .... '-_^

inverter-rectifier and in this manner maintain a regulated output voltage. In

general, these variations are more complex and inherently less efficient than
the basic types and so are not considered here.

Circuitry Selection Criteria

A group of factors to be used as criteria for selection of circuitry were

jointly agreed upon by NASA and HSED Engineering. The factors selected for
evaluation were:

.

2.

3.

Degree of commanality of circuitry for "buck" or "boost".

Number of magnetic components

Number of components

4-1
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.

5.

6.

7.

8.

9.

Efficiency

Input ripple current

Output ripple voltage

Overload/short circuit protection

Minimum size and weight

Isolation of input/output grounds

Two additional criteria, that of output voltage regulation and dynamic

regulation recovery time, initially appeared in the above list, but have been

deleted on the basis that these items are determined by the control circuitry

rather than the basic power stage.

conq rison,ofPow 

Figure 1 shows eight power stages, which represent the simplest config-

uration capable of performing the necessary functions.

In comparing these circuits, the assumptions were made that the power

stages were independent of drive and control circuitry, and thatall circuits

were operated at the same repetition rate. This meant that the ripple com-

ponents of the push-pull stages were at twice the frequency of those of the

single ended stages and consequently easier to filter. Using the circuitry

selection criteria as a basis for comparison, the circ_ts which were selected

for further consideration were the single ended and push-pull chopper, the

single ended and push-pull inverter-rectifiers, and the Bedford step-up

converter.

Voltage Control Techniques

The voltage control techniques investigated for the regulator-converters

were pulse-width, pulse, ratio, and pulse-frequency modulation.

Sorenson I) presents a very descriptive discussion of the various means

of modulation, using switching techniques, in which he discusses the character-

istics of pulse-width, pulse ratio, and two types of pulse-frequency modulation.

Several points can be taken from his discussion:

1)

a,

b.
Some controllers inherently have minimum ON or OFF times.

In modulation systems in which the frequency varies, the output

low-pass filter must be designed for the lowest frequency.

ULinear Control using On-(If Controllers"

V17, v4, ,_pril 1963.

A Sorenson, Electro-Technology

' 4-2
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Co If either the ON of OFF time approaches zero, the bandwidth of the

controller must approach infinity.

The first point may be seen in, for example, the monostable multiirlbrator,

which has a minimum recovery, or OFF, time. The second point, obviously,

implies that the filter for a given regulator will be smallest for a pulse-width

modulated system, since its frequency is fixed. The third point has several

implications. First the design of the controller is more severe. Second,

since the gain bandwidth product of any physically realizable controller is

limited, this means that the regulation of the device suffers because of decreas-

ing gain, and the controller may tend to be unstable.

Assuming _ transformer scaling, regulator B mustproduce 9 volts from

a 10-20 volt m_; Allowing for a l volt meries drop, the duty ratio must vary

from 100_ down to about 45%. Likewise, regulator G must produce 35 volts

from a 22.-28 volt source, with a duty ratio varying from about 40_ to 57o. If

transformer scaling is used, the turns ratio may be adjusted for, say, a set-up

of 1. lfi, which shifts the duty ratio of regulator B to a range of 87% to 39%,

thus decreasing the severity of the bandwidth requirement.

Another means of bypassing points a) and c) above is through the use of two

modulating functions simultaneously, as in either the Pulse Width Modulated

Power Supply or the Self-Stabilizing Chopgero Here a constant volt-second

transformer establishes the ON time and varies the duty ratio as a function of

input voltage, while a separate bistable multivibrator_ operating over a

relatively narrow range of frequencies, furnishes the necessary OFF time to

compensate for load changes. In the limiting case of near 100% duty cycle,

the transformer is operating close to its normal 180 ° saturated switching mode,

and the multivibrator is operating close to its design frequency.

It should be noted that since the low-pass output filters are LC with free-

wheeling diodes, it is advantageous, from an efficiency viewpoint, to limit the

OFF time as much as possible and hence decrease the amount of conduction time
of the diode.

Efficiency Versus Switching Frequency

Investigations were conducted into the loss of characteristics of semi-

conductors and transformers in an effort to determine the maximum switching

frequency consistent with high efficiency and minimum size and weight.

4-4
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Frequency Range _Characteristics of Semiconductors

In order to determine the usable frequency" range as a function of the

semiconductor characteristics, a model was established, consisting of a single

transistor switching through an ideal choke input filter into a resistive load with

voltages, currents, and duty cycle equivalent to those of the 10 watt regulator.

Efficiency calculations were made for the model. In the calculatfons, delay

and storage times were not considered. Transistor OFF losses were also

ignored as being only a small percentage of total losses. Calculations were

made at frequencies of 1, 10, 100, 250, and 500 KC with the 2N2880 and

2N1908X transistors operating with duty cycles of 45% and 90%. The results
of these calcuIations were as follows:

In the very low frequencies, switching time was insigniflca_ and the

2N1908X was superiorbecause of its lower saturation voltage. The condition

of 45% duty_cyole l re more efficient than the 90% condition mere_•_because

the ON losses occurred for a smaller portion of the period.

In the higher frequencies, where switching time was a significant portion

of the period, the 2N2880 was clearly superior by virtue of its switching speed.

The 2N1908X cannot be operated much above 100 KC, because of the assumed

switching speed, since above this frequency the switching time soon became

greater than the ON time. In the higher frequency region, the 90% duty cycIe

condition was the most efficient because the ratio of switching time/O_. T was

less than that for the 45% condition.

Frequency Range Characteristics of Transformers

Several sample designs were done for the 10-watt output transformer.

The designs were based on the use of Indiana General type 0-5 material, a

low loss ferrito, and the results showed that relatively efficient transformers

with reasonable sizea and weights can be designed for operation to at least

50 KC. What was not apparent from the results was a definitive relationship

among efficiency, weight, and frequency of operation. General Electric

confronted with the same problem developed an analysis to determine a definitive

relationship of efficiency, weight, and size versus frequency of operation 2)

2) Voltage Regulation and Conversion in Unconventional Electrical Generator

Systems, Final Report, Volume 2, August 31, 1963, Bureau of Naval

Weapons Contract NOW 62-0984-d.

4-5
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The analysis showedthat core andwinding losses varied as the cube of

transformer dimensions while power rating varied as the fourth power of trans-

former dimensions. Therefore, an increase in the size of a transformer, with

all other quantities held constant, increased the efficiency of operation.

Efficiency was also effected by the current density. Winding losses in-

creased as the square of current density while output power was directly pro-

portionaI to this same parameter. Therefore, efficiency was ultimately ad-

versely affected. However, up to the point at which core and winding losses

were equal, increasing current density improved efficiency. In practice, even

further increases were desirable to improve light load operation and to attain

a greater power output for a given design weight.

An analysis comparing power loss and transformer weight for two different

core materials was performed for a 100 watt design. By scaling, the results

of this analysis were extended to apply to different power levels. The main

result of this analysis indicated the possibility of efficient transformer designs

at reasonable weights throughout the 10 KCPS to 100 KCPS frequency range.

Materials Review

A review of electrical components was made to determine component

availability and component limitations for high frequency switching,

Semiconductors

Vendor literature was searched for transistors with fast switching times

and low saturation voltages. Lists were compiled of the available transistors

and high-speed power rectifiers within the applicable power, voltage, and

current range.

In the lower power range numerous transistors and diodes with high

frequency capabilities were available.

Ma_etic Materials

One of the considerations of this program was to minimize the contribution

of the magnetic components to stray magnetic fields. Several factors which

contributed to stray fields were air-gaps, non-uniform winding distributions,

and loose coupling between windings and core.

4-6
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In surveying the available magnetic materials, both stamped laminations

and c-cores were eliminated immediately because they have built-in alr-gaps

and because their windings cannot be uniformly distributed Or tlghtly-coupled

to the core. The hermetlcally-sealed, oil-filled,tape wound variety of toroids

was considered, but these cores were operable up to about 10 K CPS, beyond

which the core losses became prohibitive.

The configurations which offered the most promise were the toroidal and

the tape-wound bobbin cores. The toroids offered high permeabillty, uniform

winding distribution, tightdoupling,:and inductive tolerances of about ± 20%

maximum. The tape-wound bobbin cores covered the frequency range of 2 K CPS

to 500 K CPS. These tape-wound cores were available in either Orthonol or

Permalloy 80 materials.

In the powsr-fz_quency range, say up to 500 cps, the prime requisite for

core material was high permeability, and cox, e losses and switching time were

secondary considerations. In the audio range, from 500 cps to 15 K CPS,

both hysteresis and eddy current losses became important, aztd only moderate

permeability was required. In the high frequency range, from 15 KCPS upward,

eddy current losses predominated, switching time became important and per-

meability was quite low.

At this time, littlespecific information regarding the m agni_Jde of losses,

versus frequency, had been assembled. However, the following table shows,

for each frequency range, the relative characteristics of the applicable core

materials:

TABLE II RELATIVE CHARACTERISTICS OF CORE MATERIALS FOR

SPECIFIC FREQUENCY RANGES.

Freq.

CPS

0.5-15KC

Core

Material

Moly-Perm

Powder

Iron Powder

Ferrite

Hysteresis

Loss

Low

Moder_tte

High

Eddy Cur.

Loss

Low

Low

Low

Permeability

High, Decreasing

High, Decreasing

Low, Constant

4-7
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TABLE H (Continued)

15-40K C

4O-2O0

KC

Core

Material

Moly- Perm.
Powder

Iron Powder

Ferrite
I

Moly-Perm.
•Powder

Iron Powder

Ferrlte

Hysteresis
Loss

Low

Low

Moderate

Low

Low

Eddy Cur.
Loss

High

Moderate

Low

Excessive

mgh
Low

Permeability

Moderate, Decreasing

Moderate, Decreasing.

Moderate, Constant

Low

Low

High

(Tape-wound bobbin cores not included because loss curves are not

available).

4. 2 Development of a Cllopper Regulator - Phase I Program

Initial investigakions into the development of a chopper regulator resulted

in the selection of the pulse width and frequency modulated self-:'stabllizing

chopper for further development. The basic self-stabflizing chopper power stage

shown in Figure 2 consists of two push-pull power transistors O1 and Q2, two

driver transistors Q3 and Q4, and a saturating core drive transformer T1. The

use of a saturating core drive transformer results in inherent regulation of the

output voltage with variations in input line voltage. However, the self-stabilizing

chopper coes not have inherent regulation for variations in load, and regulation

for load variations is provided by a variable drive frequency to the chopper

stage.

4-8
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FIGURE 2 BA SIC PUSH-PULL SELF.-STA BILIZING CHOPPER

POWER STAGE

Several problem areas were uncovered with the basic self-stabilizing

chopper scheme early in the breadboard development stage. One problem

was concerned with circuit starting. A second problem was associated with

insuring rapid turn-off of the self-stabilizing chopper after the drive trans-

former T1 saturated, A third problem was associated with obtaining a

balanced output of the push-pull stage consisting of transistors Q1 and Q2.

The solutions to the first two problems consisted of the following circuit

modifications. To remedy the starting problem, a gate puIse input was applied

to the bases of transistors Q1 and Q2. This external means of starting the

self-stabilizing chopper initiates each half cycle of operation. Rapid turn-off
of the self-stabiLizing chopper after the drive transformer T1 saturates was

assisted by the introduction of degenerative fatback current Ilm_ting with the
addition of an emitter resistor for transistors _3 and _4.

Two solutions to the balanced output pk'oblem were investigated. One

solution was to increase the values of resistors R2 and R4 of Figure 2 to a

value significantly larger than the maximum reflected input impedance character-

istics of the chopper transistors. Unfortunately, this resulted in significant

power losses in these resistors. _An alternate solution was to require matched

input impedances for the chopper transistors; this required both matching of

transistor gain and base-emitter voltage. In addition, the input characteristics

of the transistors also had robe closely matched for all possible voltage and
load conditions.
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The resultant disadvantages of the above solutions required an investigation

for an alternate self-stabilizing scheme. The circuit concept investigated and

accepted was a single-ended version of the basic push-pull chopper. The single-

ended self-stabilizing chopper power stage is shown in Figure 3. Circuit

operation is similar to the push-pull chopper except for the half wave rectification

of the driver output by diodes D2 and D3, and the subsequent connection at the

base of transistor Q1 in a frequency doubling configuration. Transistor Q1

then operates at twice the fundamental frequency of the system_

GATE
INPUT

FIGURE 3

o

o

VIN

_}_"'

SINGLE ENDED SELF-STABILIZING CHOPPER POWER STAGE

The Phase I final circuit configuration of the chopper power supply is

shown in Figure 4. Since the chopper is working in the open loop configuration,

a separate voltage source is required for the variable frequency oscillator and

drive circuitry. The chopper power supply consists of an oscillator, a driver

stage, a gate circuit, a power stage and an output filter.

The oscillator is a conventional saturating core square wave oscillator

consisting of a push-pull amplifier, transistors Q1 and Q2, a saturating

transformer T1, which supplies base drive to the transistors and an output
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coupling transformer T2. A starting circuit of diode D1 and resistor R6 insures
starting of the oscillator.

The gate circuit consists of a set of pulse amplifiers, the operation of
which is described as follows: The square wave across transformer T2 is

differentiated by R24-C3 and R25-C4, half-wave rectified and applied to the

base of transistor Qll as a train of positive pulses at twice the frequency of

the oscillator. Two transistor stages are required to provide adequate ampli-

fication of the pulses to the base of transistor Q13. This is accomplished
mainly by the second stage, transistor Q12, whose ]3+ is made to follow the

input to chopper transistor Q13.

The driver stage oonsiete of two push-pull stages (Q3-Q6) and a push-puU

Darll_n pair. (Q7-.QI0) for driving the main chopper transistor. The use of

Darling_on amplifiers in the third stage is necessary to achieve the high gain
requirements.

The output filter consists of a free-wheeling diode D13 and a low pass

filter consisting of choke L1 and capacitor C6.

The operation of the chopper system is as follows: Assume a positive

voltage is applied to the base of drive transistor Q7. At the same instant,

a positive pulse from the gate circuit is applied to the base of chopper tran-

sistor Q13. This turns transistor Q13 on for a very short instant of time.

Through transformer action, base drive for transistor Q13 begins to flow.

When the volt-second product of transformer T3 is exceeded, T3 saturates and

current limiting results. The base drive to transistor Q13 collapses and Q13

turns off. The other half-cycle is initiated when the base of transistor Q8 is

forward biased at the same instant transistor Q13 is pulsed on. Regeneration
occurs and the process repeats itself_

Self-stabilization of the chopper is obtained through the constant volt-

second product of the saturating core drive transformer T1. The volt-second

product of this transformer is capable of sustaining a voltage of E volts for a

time of t seconds. Thus, at a fixed load and frequency, the on time of the core

will decrease in proportion to the increase in voltage to maintain the constant

volt-second product. This resuIts in inherent regulation of the output voltage
with variations of input Iine voltage.
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The output voltage from the chopper is applied across the free wheeling
diode D13. The low pass filter averages this choppedvoltage to provide the
desired DC output voltage.

Successfulopen loop control of this circuit was obtained on several bread-

boards at power levels of 10, 2S, 50, and 100 watts. However, the tests

showed that several major impediments existed with this circuit. The degener-

ative feedback method of current limiting was shown to be the most effective

method of improving circuit recovery, but this method of current limiting

required a significantly larger range of operating frequency to maintain output

voltage control. In addition, the voltage regulation tests showed that all power

supplies had poor inherent regulation as a result of this method of current

llmiUng. The abillty to obtain modularization with this power stage concept

appeared to be severely hampered by the eu_nt limlttnB requirement.

For these reasons, it was recommended that further development effort

on the above chopper concept be discontinued.

4.3 Development of a Booster Regulator - Phase I

Initial investigations into the development of a booster series of power

supplies resulted in the selection of the push-pull inverter-rectifier as the

basic booster power stage. Subsequent preliminary tests on the chopper series

of power suppLtes indicated that the weight and efficiency goals would probably

be impossible to meet with the inverter-rectifier circuit. A re-eyaluation

of the available booster power stages was conducted, resulting in the selection

of the basic flyback converter as the booster power stage.

The basic flyback circuit shown in Figure 5 makes use of an induced

voltage in series with the source voltage to boost the output voltage.

L

v IN

FIGURE 5

D

Q C-

B

m

v OUT

BASIC FLYBACK BOOSTER CIRCUIT

4-13



HSER 4167

Transistor Q is switched on and off by the control circuit, and diode D

is switched by the changing bias voltage caused by the switching of transistor Q.

With transistor Q on and diode D off, the voltage across the inductor L is

equal to V in, and there is a linear current build-up in L. After a given time,
transistor Q is turned off and diode D is forward biased.

The current through the inductor L is then directed through diode D, capa

citer C and the load. The voltage induced in the inductor L is thus added to the

input voltage thus producing an output voltage higher than the input voltage.

During the next half cycle, transistor @ turns on and diode D becomes back biased

so that inductor L is storing energy and capacitor C is discharging its energy
into the load.

The output voltage of the flyback booster can theoretically be boosted to

any voltage greater than the input. The maxir_u_ boost voltage is limited by

the switching characteristics of the flyback transistor, diode, and the energy
storage capabilities of the inductor and capacitor.

Several minor development problems occurred during the initial develop-
ment phase for the booster. One problem was concerned with the selection of

choke inductance for proper no load and full load operation. A second problem

was concerned with limiting the flyback transistor peak current. A third

problem was concerned with line compensation of the booster.

The solution to the first problem was as follows: The inductor L was

required to supply current for the load, the output capacitor and the control

circuits while the booster transistor was off, and the current through the

inductor decreased linearly during this part of the cycle. At extremely light

loads, the DC current through the inductor approached zero before the end of

the off time period of the booster transistor. The voltage across the inductor

decreased when this occurred. This made the normal voltage compensation

ineffective which resulted in an increase in the output voltage. To prevent

this, a critical inductance was required and a bleeder load was used to maintain
a minimum current for critical inductance.

The cause for the second problem was that the output of the converter

was momentarily placed across the flyback transistor at the instant of transistor

turn-on. This was caused by the finite recovery time of diode D in the flyback

circuit. As a result of this, the transistor drew a spike of current much greater

_chhn the normal peak switching current. To solve this problem a fast switching

rectifier was used for diode D, thus minimizing this spike current.
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The uniJuncUon relaxation oscillator operates at a frequency of about 30

KC. Transistor 02 is pulsed from the oscilIator0 causing a sawtooth voltage

waveform to be formed across capacitor C1. This sawtooth voltage is fed into

the pulse width modulator, providing a pulse width modulated voltage to switch

the reset transistor 08 on and off. The trigger transistor _7 is turned on

through capacitor C4 when transistor 08 turns off. The flyback transistor Q9

is driven from transformer T1 and switched by two supplementary windings on

the transformer, the trigger and reset windings. A current feedback approach

is used to drive transistor _ because it supplies efficient drive at all line and

load conditions. The trigger winding initiates the turn-on of transistor Q9.

After turn-on, the current feedback supplies sufficient drive to maintain

saturation. The reset winding resets the core during the off time of the flyback

transistor and supplies a large negative voltage spike to insure fast transistor
turn-off.

Fouz'booster hreadl_ards were constructed in the open loop confl_mraflon

for powez" levels of 10, 25, 50,_ and 100 watts. Selected performance test_

run on each bre_ard consisted of efficiency, output voltage regulation,

output voltage stability, overload and short circuit characteristic, output

voltlage stability, overload and short circuit characteristic, output voltage

ripple, and input current ripple to acceptable values. The results also showed

that further effort was necessary to provide overload and short circuit

protection.

For these reasons, it was recommended tlmt the Phase I booster

concept be further developed in the Phase II program. Specific recommendations

for the Phase H program included optimization of output and input filters,

development of overload and short circuit protection, and development of

circuitry for closed loop operation.

4.4 Deyeloument of a Booster ReLmla_r - Phase II

Development effort for the booster series of regulator-converters con-

tinued in the Phase II program. The main areas of development were concerned

with the following:

lo

2.

3.

Closed Loop Control

Optimization of output and input filters

Development of short circuit and overload protection.
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Closed Loop Control of the Booster Relator Converters

The selection of a control concept for the booster required the selection

and interfacing of the following circuit functions:

lo

2.

3.

Frequency source
Pulse width modulator

Voltage regulator

An investigation of the circuits capable of performing the above functions

was conducted. A detailed analysis of these circuits resulted in the following

limited selection.

Frequency Sources

The pulse width modulators under consideraHon req_M either square

wave inputs or sawtooth inputs. For the pulse width modulators that required

square wave inputs, the astable multivibrator and the transformer coupled

square wave oscillator were possible frequency source choices. The astable

multivibrator supplied a good rectangular wave, but careful matching of circuit

components was necessary to prevent dissymmetry in each cycle. The trans-

former coupled square wave oscillator supplied a good rectangular output and

was inherently symmetrical, but because It required at least one transformer,

it was undesirable. For the pulse width modulators that required sawtooth

inputs, the sawtooth was obtained by using an R-C charging circuit that was

periodically reset by a pulse train. The unijunction relaxation oscillator was

a simple device that produced a relatively constant frequency pulse train with

respect to input voltage fluctuations. It required a small number of components

and suppIied an inherently symmetrical output, and was therefore a logical

choice where a constant frequency pulse train was required.

Pulse Width Modulators

A magnetic amplifier driven by a square wave oscillator filled all the needs

of a high frequency pulse width modulatorp and was considered for the application.

However, because of the drawbacks of using magnetic circuits for voltage

control functions and the drawbacks of the square wave oscillators, this system

was rejected.
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The following three pulse width modulating systems made use of the uni-

Junction oscillator frequency source. The first system consisted of a monostable

multivibrator used in con_unction with a constant frequency pulse generator.

This system was made practical by controlling the delay time of the unstable

state by either of two methods: By controlling the resistance of the R-C timing

circuit, or by using a common emitter resistor biased from the variable input.

The second system u_ed a zero axis crossing device or a difference ampli-

fier in conjunction with a sawtooth generator. Experience has shown, however,

that the switching of these devices deteriorated beyond acceptable limits when

an emitter resistor was used for inherent regulation.

thix_:l system made use of a Schmttt trigger fired by a controlled charge

sawlx)oth genex, ato_,.. Thfm system functioned identically to the monostahle

multivibrator with a controlled R-C circuit and an emitter resistor. This system

offered fast switching, inherent voltage regulation, and simple closed loop

operation.

As a result of the control circuitry investigations, the control system

chosen for use in the closed-loop boosters was the uniJunction relaxation

oscillator, controlled charge rate sawtooth former, and Schmitt trigger. This

system was identical to the control system used in the open-loop series of
boosters.

The fins/circuit necessary for closed-loop control was the voltage

regulator stage. Two circuits were considered for this application, a difference

amplifier and a reference amplifier. Initial testing showed that both regulators

have similar temperature stability and dynamic response, and either regulator

was capable of regulating within the specified limits. The reference amplifier

was chosen as the voltage regulator stage of the booster because of its reduced

component count compared with the difference amplifier.

Optimization of Output and Input Filters

Size and Weight Reduction of Flyback Chokes

Molybdenum permalloy powder toroldal cores were selected as the basic

core material for the filterand flyback chokes because of their:

1. Gapless construction minimizes the effects of stray magnetic fields.
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o

3.
Magnetic stability under conditions of DC magnetization and temperature.

High effective permeability at the operating frequencies of interest.

The original flyback chokes used in the Phase I program breadhoards

were designed as constant inductance chokes by maintaining essentially a constant

permeability under conditions of varying DC current. The inductance variation

of these chokes varied an average of only 20% as the DC current was varied

from its specified minimum to its specified maximum. The flyback chokes varied

an average of only 20% as the DC current was varied from its specified minimum

to Its specified maximum. The flybaok chokes were redesigned to operate as

swinging chokes In an attempt to achieve size and weight savings. The swinging

inductance effect was obtained by operating the chokes into DC saturation under

varying DC_. thereby In.odueing an effective permeability dependent upon

the ma_,_at_,_dfl_e DC current.

Optimizatio n of Output Filter

The results of the Phase I breadboard testing showed that the output capa-

citance of the booster converter would have to be increased to reduce the output

ripple to desirable limits.

Alternate filter schemes were investigated that could be used as supplementary

filters. A pi section filter was determined to be the most applicable filter section

for this application, since for proper operation of the flyback booster it must

operate into a capacitive input fit_er_ The pi filter can be broken into two sections:

An input filter capacitor followed by a low pass LC section. The input filter

capacitor determines the output ripple of the flyback booster, and the low pass

LC section is set to obtain the desired ripple attenuation from the flyback booster

to the load.

The components considered for the output filter were etched foil tantalum

capacitors for the capacitive components and molybdenum permallpy inductors

for the i_d_ctive components. The etched folI capacitors were considered

instead of the wet slug type tantalum capacitors used in the Phase I program,

because these components offered higher effective capacitances at the switching

frequency (30 KC) of the converter and higher ripple voltage _capability.
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Optimization of Input Filter

The results of breadboard testing in the Phase I program showed that

supplementary filtering was required for the booster regulator converters to

reduce the input current ripple to acceptable levels. Subsequent testing showed

that the magnitude of the ripple current was dependent on the DC source charac-

teristics. Several conferences were held between NASA and Hamilton Standard

technical representatives in an effort to obtain a definition of a typical satellite

DC power source°

Tests were run at NASA Goddard using the simulated satellite power

source shown in Figure 8. The satellite power source consisted of a Goddard

Space Flight Center (GSFC) deeigned 2-amp solar array eimulator, shunted by
a battery pack eonsiet/ng of 13 Yardney type YS-11 silver csdm/um-cells and

a GSFC designed shunt regulator. Output impedance data was obtained for the

following conditions under varying loads-

.

2.

3.

4.

Solar array simulator/shunt regulator with fully charged batteries

floating across the line.

Solar array simulator/shunt regulator only.

Fully charged battery only.

Battery only, but nearly completely discharged.

FC

c E L.LS

G$ FC

SHUNT
R EGUL ATOR

o

T
v OUT

I o

FIGURE 8 SIMULA TED SATELLITE POWER SOURCE

The results of these tests are given in appendix I. Conditions 1 and 4

would be representative of actual conditions aboard a satellite. For condition 1

the DC voltage could be expected to be close to 20 volts DC; for condition 4,
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the DC voltage could be expectedto be close to 12 volts DC.

Input filter configurations were defined for the 25 watt booster regulator.

Input currentripple data was taken for conditions 1 and 4 above, and for an

intermediate point (VIN - 15 VDC) representing a battery charge condition.
The results of these tests are shown In Table HI.

Operating state condition II represented the input condition producing the

highest input ripple current. This was to be expected since this condition

represented low input voltage which corresponded to the maximum boost con-

dition for the regulator converter. The asterisks indicated the first component

condition, for a given filter configuration, that bro_ight the input current ripple

wtthtn Itmtt 

The data indicated that eltlmr a capacitive Input filter or a choke input

filter could be utilized. The choke input filter configuration consisting of an

inductance of 12/_h and capacitance of 82/_f represented the optimum filter

configuration from the standpoint of minimum slze and weight. The capacitive

input filter was considered only where minimization of magnetics was ab-

solutely essential, because of the significant trade off in size and weight

when compared to the choke input filter.

The choke input filter configuration was scaled to the remaining power

levels of 10, 50, and 100 watts.

Overload and Short Circuit Protection of Booster Regulator Converters

The booster regulator-converter did not contain any inherent means of

protection against overload or short circuit conditions. The circuits shown

in Figures 9 and 10 were developed as attxilfary circuits for use in providing

protection against short circuit and overload conditions. The circuit in Figure

10 provided protection against short circuit conditions, and can be used atall

power levels. The circuit in Figure 9 provided both overload and short circuit

protection, but thermal considerations limited the use of this circuit to the

10 watt and 25 watt power levels only.

Operation of the short circuit protection circuit of Figure 10 is as follows:

The output terminals of the converter are connected to terminals 1 and 2;

the load Is connected to terminals 3 and 4. When voltage is first applied
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INPUT CURRENT RIPPLE DATA FOR 25 WATT

BOOSTER REGULATOR CONVERTER

INPUT

FILTER.
CONFIGURA TION

No Input Filter

capa w
Filter

246_f
328_f

Choke Input
Filter

L S h. c- 82 f
164_f

246_f

INPUT CURRENT toPPLE FOR

DIFFERENCE STATES OF OPERATION

QF THE DC POWER SOURCE
I

!MA P-P

!218 320

86.3 160
57.5* 72.0

36.0 64.7
50.4*

28.8* 72.0

14.4 36.0*

7.2 28.8

50.4*

21.6

14.4

II

MA P-P

230

100

64.7
43.3*

43.3*

28.8

14.4

43.3*

21.6
7.2

HI Vol.

MA P-P Cu. In.

• 103

• 206
• 309

•412

• 140

.243

.346

•178

.281
• 348

Wght.

grams

8
16

_ 24

32

10.5

18.5

26.5

12.8

20.8
28.8

NASA Spec No. 63-163 Limit for 25 Watt Booster 60 MA P-P

Operating States of DC Source

I Solar Array/Shunt Regulator - Batteries fully Charged floating across the
line V - 19.6 VDC

II Solar _ArrAy/Shunt Regulator off - Battery delivering power V 11 VDC

III Solar Array/Shunt Regulator - Charging battery condition Battery and Array

supplying power. V = 15 VDC

* Indicatesfirstcomponent within spec limit for given input filterconfiguration.
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across the output of the converter-regulator, transistor Q1 is in a non-conductive

stage. A leakage path around transistor Q1 Is provided through resistor R1.

This leakage is set Just high enough to allow sufficient bias to be developed

across r_sistor R6 to turn transistor Q3 on. Transistor Q3 then turns on

transistor Q2 which then turns on transistor Q1. Voltage vow appears across

terminals 3 and 4 and transistor Q1 is driven into saturation; normal operation
nOW occurs.

When a short circuit is applied to terminals 3 and 4, transistor Q1 is

forced into a non-conducting state since no voltage can be developed across the

resistor combination of R5 and R6. With transistor @3 non-conducting, tran-

sistor Q2 and @1 are turned off. Thus, with transistor Q1 turned off, the

short ctz_alt _ttau 11 ln'evented from beh_ applied across terminals 1
and 2 and tm_ f_m the ehort.¢droatt ie obtained. When the short circuit

condition is removed_ the circuit automatically returns to the saturated on-

state though the starting process described above.

Operation of the overload protection ctrcult of Figure 9 Is as follows:

The output terminals of the converter are connected to terminals 1 and 2,

the load is connected to terminals 3 and 4, terminal 5 is connected to an auxil-

iary B+ voltage, and terminal 6 is connected to the output sensing terminal of

the voltage regulator. When the converter is turned on, voltage is applied

to terminal 5. The voltage developed across resistor 1t4 is high enough to

turn on transistor Q4, which in turn saturates transistors 02 and 01. Voltage

now appears at terminals 3 and 4, and normal operation now occurs. Under

normal operation, the voltage dividing action of resistor R5 and the load sets

the emitter of transistor Q3 at a high voltage. The base voltage of transistor

Q3 is set Just low enough to keep transistor Q3 in a non-conducting state by

the voltage divider consisting of resistors R1 and R2. Zener diode ZD1 is

normally in a non-conducting state so that the output sensing of the voltage

regulator is connected to terminal 3 through resistor R6.

When an overload condition occurs,, the increase in load current causes

the voltage across resistor R5 to increase. This causes an increase in the

voltage at the emitter of transistor _1 which in turn raises the voltage at the

base of transistors QI and 03, Transistor Q3 turns on, and brings transistors

Q2 and 01 out of saturation, With transistor Q1 out of saturation, the voltagb

that appears from collector to emitter in transistor 01 increases, thus:invreas-

tng the voltage at terminal 1. This forces zener diode ZD1 into conduction,
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causing the voltage regulator now to keep the voltage at terminal 1 constant.

Any further overload increases the voltage drop across resistor RSo decreasing

the voltage at terminal 3. This limits the load current by bringing transistor

Q3 closer to saturation which in turn forces trauaistors Q2 and.Q1 aleaer to cut-

off. When a short circuit condition occurs_ transistor Q3 saturates and drives

transistors Q2 and Q1 into a high hnpedance state, thus isolating the load from

the regulator-converter output. When the overload condition is removed, the

voltage at terminal 3 increases, turning off transistor Q3, and the circuit

automatically returns to the satirated on-state through the starting process
described above.

Experimentsl Data

_ckn_" _ wen l.unwith the brt oirc_ttproto_kn o_r_ttp The

efficiency under noz,maI ope_ conditions averaged about 95% br the short

circuit protection scheme _or each of the power levels. The losses were divided

as follows: Series switch Q1-60%, drive losses for Q1-Q2 in resistor R2 - 20%.

The voltage dropped across Q1 was approximately 1 volt; this relatively high

voltage drop being caused by the compound[ connecttoh of 01-QZ. The drive

losses related to Q1-Q2 were caused by operating the Q1-Q2 combination at

a relatively low gain so that the voltage drop ao_ss Q1 could be limited to one

volt. The losses associated with the drive for Q3 were a direct result of

sizing resistor R5 for the starting requirement rather than the normal loading

requirement, The resistor combinations of RI_ R5 and 1t6 were selected such

that the dissipation across 1tl under short cirm it conditions would not exceed

the power losses of the converter protection scheme under normal Ioa_ingo

Tests were conducted to determine the minimum load condition where

circuit protection was obtained with the short circuit protection scheme_ The

following table shows the results of these tests.
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Power Level 10Watts

Normal Load
_ , . ,

Load Required

_o Obtain Circuit

Protection

Input Voltage
i

• 66 .32
i J ,, •

10V 20V

,,| i i

25 Watts 50 Watts 10O Watts
I [

9.8 1,s
i l ,i i i

•56 .38
, i , i

IOV 20V

.29 .18

12V 20V

• 13 .08

22V 33V

Breadboard tests were run using the overload protection circuit with the

26 watt booster to determine the characteristics of the overload protection

cirouit, . Tile :teat| _ oonduoted using two values for roslstOZ" Rlp one

providing protection for loads in excess of 105% and the other pl'oviding pro-
tectton fox' loads in exoess of 130%.

Figure 11 shows a graph of the load voltage versus percent of:rated

output current. With resistor R1 set so transistor Q3 turns on with a 6%

overload, it is shown that the output voltage remains constant from no load

to approximately 105% load. At this point, the base voltage of transistor Q3

has risen enough to turn on transistor Q3, causing transistors Q2 and Q1

to come out of satuz'atton. The increase in voltage at terminal 1 changes the

conduction state of zener diode ZD1 slightly, increasing the voltage regulator

sensing current, which causes a small decrease in the voltage at terminal 3.

Increasing the load further raises the conduction of transistor Q3 further, which

decreases the conduction of trausistors QI and Q1, and further decreases the

output current and voltage. The decrease in output current and voltage is

approximately linear from the point at whicl_ _t_ansistor Q3 begins to conduct,

to the short circuit condition. At the short circuit condition, it can be seen

that the high impedance state of transistor Q1 allows only about 5% of the rated
current to flow.

The percent load at which the overload protection circuit becomes acti-

vated and provides overload protection can be adjusted by varying resistor R1.

Increasing resistor R1 initiallysets the base of transistor Q3 at a lower

voltage. Thus, to turn on transistor QS, the base voltage of transistor Q1,

and thus the voltage drop across resistor R5 mustbe larger than in the previous

case. This means that a larger overload must occur before transistor Q3

will turn on and protection will be provided. Note that varying the point at

which overload protection is provided has no effecton the output voltage from

no load to fullload, or at the short circuitcondition.
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Figure 12 shows the power dissipation in transistor Q1 versus the percent

of rated output current from no load to the short circuit condition for the two

overload conditions discussed above. From no load to full load for both cases,

the power dissipation increases from essentially zero to approximately one

watt at full load. At the point when transistor Q3 is turned on and transistors

Q2 and Q1 are brought out of saturation, the power dissipation in transistor Q1

increases sharply. This is due to the sudden increase in the collec_z to emitter

voltage of transistor Q1 with a high collector current present. With additional

overload, the load current, and thus the collector current, decreases. However,

the collector to emitter voltage increases at a greater rate than the decreasing

collector current. Thus, the power dissipation increases further, reaches a

peak, and then falls off as the short circuit condition is approached.

For the case where protect/on is p.'mv/ded for loads in excess of 105%, the

power disatpat/on in transistor Q1 is about 1.5 watts at 105% of rated output

current. The peak power dissipation is approximately 9 watts, and the ]short

circuit power dissipation is about 1.5 watts. With the overload protection

circuit set for loads in excess of 130%, the power dissipation is approX.tmately

3 watts at 130% of rated output current, 19 watts at peak power dissipation,

and 1. _watts at short circuit.

Preliminary investigations have shown that the peak power dissipation

occurs for both cases when the load voltage and the collector to emitter

voltage of transistor Q1 are equal. This is in agreement with maximum power

transfer theory. Since maximum power dissipation is substantially higher

when overload protection is provided at greater loads, a compromise may have

to be made between permissible overload and power dissipation in transistor

Q1. Also, the ability of the unit to regulate for loads greater than 100% will

be determined by the permissible power dissipation of transistor Q1.

Figure 13 shows a graph of the voltage at the input of the overload pro-

tection circuit (terminals 1-2) versus the percent of rated output current. The

overload protection circuit input volP_ge increases from 22. 6 volts at no load.

to 23. 5 volts at full load. As expected, it increases suddenly at the point when

transistor Q3 turns on, and transistors Q2 and Q1 come out of saturation. This

voltage levels off at approximately 25, 2 volts when zener diode ZD1 is fully

conducting. The effect of the voltage regulator output sensing switch to terminal

I can be seen from this graph. Switching the sensing to terminal 1 limits the

voltage at term[hal 1 to 25.2 volts. If switching means were not provided, the

voltage at terminal 1 could have risen to almost double its normal value. This
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would have required power disslpatlon in transistor Q1 to be more than twice

the maximum reached in the previous tests.

Dynamic Response of the Booster Regulator C_nverter_._s

Initial investigations showed that the dynamic regulation and recovery time

of the booster regulator converters were dependent upon the resistance and

capacitance values in the feedback circuit of the voltage regulator. Prel/ndnary

breadboard tests were conduoted to determine the extent of this dependence.

The circuit shown in Figure 14 was used to produce ramp input voltage

changes in the dynamic regulation and recovery time tests. Resistor R1 was

setat approx_mt_ one oh_ Capao/tor CI was then set so the booetea, input

volta_ l_mslent was a _ chm_.e with a slope of ohe volt per m/lI/Noond.

With switch SI open, the booster input voltage w_ the power supply voltage

less the dx'op across diode D1. When switch S1 was closed, the booster input

increased at a rate of one volt per millisecond to the sum of the power supply
voltage and the battery voltage less the drop across resistor R1. When switch

S1 was opened, the booster input voltage decreased at the same rate to the power

supply voltage less the drop across diode D1.

+

• POWER
SUPPLY

!
RI

DI

T CZ CI T

_J

BOOSTER
INPUT

0

FIGURE 14 INPUT VOLTAGE SUPPLY CIRCUIT FOR DYNAMIC REGULATION

AND RECOVERY TIME.
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Dy_tmtc regulation end recovery time tests were conducted with the 25

watt booster with both the reference amplifier and the difference amplifier

voltage re_lator circuits. Input voltage rar_ changes and load step changes
were both considered in these tests. In the l_lttal testing, both the 1;esistance

and'capacitsnce in the compensating circuit of the voltage regulator were varied.

The results of these tests showed no significant differences in the dynamic

regulation or the recovery time of the reference and difference amplifiers.

A capacitance of 10 miorofarads was selected :for the capacitor in the

compensating circuit of the voltage regulator. Additional te_ts were then
conducted with the resistance in the compensating circuit as the only variable.

The results o_ these tests caube seen in Figures 15 through 18. These

z'asuIl_ _ that a _ off ll_twee_ __ _ and mcovezy time
was neeu_, For all Wenaient condiUons, the puk voltage excursion de-

creased with lnol'easfug resiatanco. The recovezy times for load changes of

100% load _ '/5% load, and input voltage changes of 10 volts to 20 volts at

full load increased with increasing resistance. A resistance of 3 kllohms was

selected as a compromise between dynamic regulation and recovery time.

Final dynamlc regulation end recovery time tests were run on the 25 watt

booster to determine the effect of various input voltage levels on the dynamic

regulation and recovery time of the unit. Load changes were made at all input

voltages, and input voltage transients were made at three different voltage

levels at no load and full load conditions. Dynamic regulation and recovery
time were recorded for each case° The results of these tests have been shown

in Table IV. The dynamic regul_tion readings were peak trausient voltage

values. The recovery time was defined as the time for the output voltage to
return to 1% of its original value measured from the beginning of the output

voltage transient.

Both the peak transient voltage and the recovery time decrease_ as the
input voltage increased for step load changes. For a load change froin 100% to

75% of the rated load, the peak transient voltage was 0.85 volts at 10 volts input.

This decreased to 0. 50 volt_ at 16 volts input and remained constant for further

increases in input voltage. The recovery time for this case was less than or

equal to 10 milliseconds for all input voltages 12 volts or greater. For a load

change from 75% to 100% of rated load, the peak transient voltage at 10 volts

input was 0. 70 volts. This decreased to 0. 25 volts at 17 volts input and re-

mained constant for further increases in input voltage. The recovery time for

this case was less than 10 milliseconds for all input voltages 12 volts or greater.
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Table IV

25 Watt Booster/Reference Amplifier Dynamic Response Data
Dynamic Response

Lead
, .,...

]r.,,a/4

3/4 .._F. I.,.

N.L.

N. ].,.

F. L.

F. ;.,.

Input
Volts

10
11

12

13

14
15

16
17

18

10

11

12
13

14

15
16

17
18

19
20

9. _0.6

11.2_,20
18. 85 4, :B0

20.6_ 9.5
20.0 _11.2

B0.0 ," 18.28

10. § -_ 20
12.8 "_ _0

15 20

20 _' 10.5
80,.P 1Z. 8

10 ,"1,.15

Dynamic

Regulation.
Peak Volts

+0. 85

+0. 75

+0. 70

+0. 65

+0. 60

+0.55
+0. 50

+0. 50

+0. _0

+0.80

+0.60

.-0. 70
-0.65

-0.60
-0. 50

-0. 50

-0.40
-0.30

-0.25

-0. 25
-0.25

-0. 25

+0.80

+0.10
-0. _5

+0.70

+0. 60
+0. 58

-I_0

-0.40

-0. 30

+1.25
+0.70

+0. SO

Dynamic response design goals

Dynamic regulation: ± 0. 86 _lts

Recovery time" 50 milliseconds

Recovery Time
Milliseconds

24

14

10
10

<10

<10
<10

<10
<10

<10

<10"

L_
"15

<10

.<10
<10

<10

<10
<10

<10
<10

<10
J,= ,

12

8O

50
18

25

40

28

24 _

88

aB
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For input voltage changes at no load and full load conditions, the peak voltage

transient and the recovery t/me decreased as the low input voltage level was

ra/sed for all caseswith one exception. For the no load condition with input

voltage changes from low voltage to 20 volts, the peak voltage transient and

recovery time were smallest for a change of 11.2 volts to 20 volts. In this

case, since the peak voltage transient did not reach 1% of the output voltage,

the recovery time was considered to be negligible. Note that for no load

input voltage changes, two cases exist where the input voltage limits of the

booster have been exceeded. This was due to the state of the charge of the

battery, and the fact that the battery voltage was adjustable only in steps of

approximately two volts.

For.input voltage changes, two cases occurred where the peak voltage

transient was abnormally large.. For the full load cond/t/on with input volt-

age changes of I0.5 to 20 volts, and 20 to 10.5 volts, the output voltage

transients were I. 0 volt and I. 25 volts respectively. The recovery time

did not exceed 50 milliseconds for any of the transients investigated. In

three cases, however, it did approach this max/mum. For full load, 10. 5

to 20 volts input change, the recovery time was 40 milliseconds. For full

load, 20 to 10.5 volts input change, the recovery time was approx/mately 38

milliseconds. For the no load condition, 20.6 to 9.5 volt input change, the

recovery time was approximately 50 milliseconds. Note, however, that

this was one of the cases where the input voltage requirements of the booster
were exceeded.

Final Circuit Configuration

For the final closed loop control, the controlled charge rate sawtooth/

Schmitt trigger pulse width modulator has been selected. The reference

amplifier has been selected as the voltage regulator. Regulation is obtained

by varying the charge rate of the sawtooth former, consisting of R12, Q3, C4,

and Q4, as shown in Figure 19.

The charge rate is controlled by varying the bias on the base of

transistor Q2, which in turn changes the bias on transistor Q3 and thus its

conductivity. When Q3 conducts more, capacitor C4 charges more rapidly and

the pulse width of the Schmltt trigger, consisting of transistors Q6-QS,

resistors R17rR24, and diode D_, is changed.
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The controlling sense of this circuit is most easily described by assuming

a momentary change in output voltage and determining the corrective action

required to return the output voltage to its normal state. If the output voltage

of the booster is assumed to drop momentarily, the base of the sensing tran-

sistor Q1 in the voltage sensing amplifier drops, but its emitter voltage is

held constant to a reference voltage thus causing its collector voltage to rise.

The rising collector voltage of the sensing transistor causes a rise in the base

voltage of transistor Q2, which in turn causes,the collector voltage of Q2 to

drop. This lowers the base voltage of Q3, thus increasing its conductivity.

The increase in conductivity increases the charge rate of C4 which increases

the on-time of Q6 in the Schmitt Trigger. The on-time of Q6 corresponds to

the off-time of QS, thus the voltage across R24 is high for a shorter period
of time.

The base of the reset transistor Q10 is connected to R24, thus it is

turned off for a longer period of time. When Q10 is off the main switching

transistor, Qll is on, and it has been shown that increasing the on-time of Qll

causes an increase in the output voltage. Thus the output voltage has been
compensated for its initial drop-off and has resumed its normal state.

4.5 Development of Chopper Regulator - Phase II

Investigations were initiated into the development of a new set of chopper

regulator converters using the control concepts developed for the booster

regulator converters. The new circuit configuration shown in Figure 20 is

similar in operation to Phase I booster regulator converters.

Fundamentally, the chopper is a power stage, made up of transistor Q,

diode D, inductor L, and capacitor C; and a control circuit consisting of a

current feedback transformer, reset and trigger transistors, a Schmltt trigger,

and a ramp generator. The power stage operation can best be described by

the unified power stage concept described in Appendix IL When Q is on, D

is back 5iased and current flow builds up through L; and the energy stored in

L is discharged through D into C and the load. The energy delivered to the

load, and thus the output voltage, can be controlled by varying the duty cycle

of Q. The control circuitry functions identically to the boosters, but the

different duty cycle and voltage level requirements introduce new considerations.

The unified power stage concept indicated that many booster components

could be interchangeable with choppers operating at comparable voltage and

current levels. All the booster and chopper chokes are identical except that the
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low power boosters have an additional winding for overload protection. This is

because the maximum current levels are the same for given power levels,

thus requiring a common wire size, as well as similar inductance requirements.

The power transistors have the same peak current, the same Vc._r_requtrements,
and differ only in V . rating _vhich ls a result of the control circ_'_'ry used. The

power diodes are theosame peak inverse voltage and same peak current, but differ

only in average current rating. The output capacitors of the booster would have

similar characteristics to the input capacitors of the choppers, and the output

capacitors of the choppers would be similar to the input capacitors of the boosters.

The choppers have not been developed to the point where these componenst have

been defined enough to compare them. Theoretically, the DC voltage rating,

the ripple voltage rating and the approximate capacitance would be the same for

the respeo_ve sets that correspond on the unified power stage approach.

De ,_lol_ment,, ,Effort - Open Loo, p Control

The prime problem encountered in the development of new chopper con-

verter regulators was achieving reliable operation as the input voltage magni-

tude approached the output voltage magnitude. Under this condition, wtththe

control circuitry being used, the reset time of the current feedback transfor-

mer becomes very short, thus requiring large voltages to reset the driver core.

The increased voltage requirement gave rise to two problems.

ls

2.

It required more pulse power in the reset circuitry

It raised the emitter-base voltage seen by the power transistor

during reset.

For example, for an input of 10 volts and an output voltage of 9 volts, the

reset time would be less than 10% of the total period. This means that during

reset the emitter-base junction could be subjected to as much as 12 volts, or

4 volts over the rated value for the components presently being used.

Related to this was the problem of having to turn on the trigger early in

each cycle; there is delay time associated with the unijunction oscillator caused

b_, the discharge time of the oscillator output pulse, and at high frequencies this

becomes a considerable portion of a cycle. Since the trigger cannot be turned

on until the unijunction has reset the ramp generator, this discharge time

becomes a limiting flctor.
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It was decided that the limits on the input voltage or output voltage would

have to be changed to alleviate this problem. The fOllowing limits were chosen:

10 watt chopper 12 to 20 volt input, 9 volt output

25 watt chopper 12 to 20 volt input, 9 volt output

50 watt chopper 14 to 20 volt input, 11 volt output

100 watt chopper 24 to 33 volt input, 20 volt output

With these changes, the choppers were operable, but it should be noted that

the peak emitter base voltages are still close to the maximum rated values of

standard high frequency power transistors.

Supplying a regulated voltage fox' the control circuitry presents another

problem; a red.ted voltage can be obtained by re|pJ.httlng the input voltage

or by ueing the already regulated output voltage. Efficiency considerations

indicate _ the output should be used, butbecause there is no voltage at the

output until the control circuitry is running, a starting circuitts necessary.

Development Effort - Closed Loop Control

Initial investigations were made in operating the chopper boards in a

closed loop mode, and the circuit as shown in Figure 21 was operated satis-

factorily. The circuit is similar to the open loop choppers, but a starting

circuit and reference amplifier have been added. Tills unit was not short

circuit protected, and did not regulate within ± 1%, but it demonstrated pre-

liminary closed loop regulation and was used to investigate closed loop chopper

operations.

Operating the chopper closed lbop presented two main problems:

lo

2.
Control voltage and related starting problems.

Short circuit protection.

The voltage for the control circuitry must be regulated, and could be taken

from a zener regulated supply at the input of the chopper or directly off the

output terminals. The zener regulated approach is simple but inefficient as the

input voltage varies over a wide range, and ithas the additional disadvantages

of being necessarily lower than the lowest input voltage. The alternate method

of using the output voltage is efficient and simple except that it creates a start-

ing problem; that is, until the unit is running there is no output, and the unit
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will not start properly without control voltage. This starting problem can be

solved by using two diodes (D3, and D4 in Figure 91) to alternate the supply

from the input to the output as the chopper reaches nominal output voltage. In

this manner a (_ontrol voltage is supplied efficiently and simply.

The second major problem is short circuit protection, and again a starting

problem is involved. The most direct way to protect these units is to turn

off the series element during extreme overload, and this can be accomplished

simply by supplying the trigger winding from the output of the chopper; thus,

when the output drops off (as it would at some critical overload) the trigger

voltage would decrease and would not be capable of turning on the series element.

This method creates the need fora starting voltage on the.trlgser,, however,

and indicates a .cua.rent sensing element would be necessary, for the circuitto

different/ate between low output voltage under starting and low output voltage

during overload. The chopper has been runwith the trigger operating off the

output, and short circuit protection was obtained, but no development has been

done in the area of the" current sensing starting circuit, so the unit being tested
had to be "artificially" started.

An alternate approach of adding an auxiliary series protection element as

in the boosters was considered, but any device of this type would add a sizable

voltage drop to the chopper and would compound the problems associated with

large duty cycles as explained in the _)pen loop development sectiou. This

method could not be considered for further development because of the funding

limitations of the program.

4.6 Breadboard Testing and Evaluation

Selected performance tests were run on the four booster breadboards. The

following tests were performed on each power level:

B

2.

3.

4.

5.

6.

7.

8.

No load losses

Efficiency

Static closed loop regulation

Output ripple voltage

Input current ripple

Dynamic Response

Extended operation

Short circuit protection

4-46



HSER 4167

Performance curves from the test data are included in Appendix HI

Included with the performance data is a general analysis of the booster character-

istics. A component size and weight summary for the booster is given in

Appendix V.

Selected performance tests were run on the four open loop chopper

breadboards. The following tests were performed on each power level:

.

2.

3.

4.

5.

No load losses

Efficiency

Open loop regulation

Output ripple voltage

Input: ripple current

Performance curves from the test data are included in Appendix IV.

Included with the performance data is a general analysis of the chopper character-
istics.

4.7 Modularization

The overall objective of this program was to satisfy the anticipated

satellite power conversion system requirements by utilization of modularization

concepts for the power conversion circuitso The anticipated modular break-

down consisted of: A regulator-converter module for obtaining voltage regu-

lation and control for DC source variations; DC to DC conversion modules for

obtaining isolation, voltage transformation, and multiple output voltages;

output regulator modules for providing the required matching characteristics

to the load. The present program was limited in scope to modularization of

the non-dissipative regulator-converter portion of this system.

The original goals set forth in this program were modularization with

respect to output voltage level, and to output power level. Modularization with

respect to output voltage level was divided into two groups, one group being

those converters having output voltages less than the minimum input voltage,

and the second group being those converters having output voltages greater

than the maximum input voltage. The converters in these groups were cate_

gorized as either ichoppers or boosters respectively. Modularization with

respect to output power level was made at the output power levels of 10, 25,

50, and 100 watts.
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The direct result of this modularlzation approach was to pursue separate

programs of development for the chopper regulator converter and for the

booster regulator converter. Each of the regulator-converter concepts were

to be capable of being scaled to the desired output power levels. Modularizatton

within each converter concept was established as a goal wherein specific

signal and control circuits could be made independent of power level. Achieve-

ment of this goal would enable these circuits to be utilized at any power level.

The modularization goals achieved during the Phase I program for the
l

chopper regulator were:

.

2.

.

Scaling with respect to power level was possible.

Seleaflon of oomponente for the power stage, driver itage, and

filter sta_ wu power dependent,

Circuits common to all power levels were restricted to the variable

frequency source and the chopper transistor gate circuit.

The modularlzation goals achieved during the Phase I and Phase H programs
for the booster regulator were:

.

2.

3.

4.

.

o

Power Stage - Selection of components was power dependent, but

scaling with respect to power level was possible.

Input/Output Filters - Selection of components was power dependent,

but scaling with respect to power level was possible.

Driver Circuit - Selection of components was power dependent, but

scaling with respect to power level was possible.

Pulse Width Modulator - Circuit components are identical for all

power levels operating at the same voltage level. Scaling with

respect to voltage level was possible for the higher voltage unit.

Oscillator - Circuit components are identical for all power levels

operating at the same voltage level. Scaling with respect to voltage

level was possible for the higher voltage unit.

Voltage Regulator - Circuit components identical for all power levels

operating at the same voltage level. Scaling with respect to voltage

level was possible for the higher voltage unit.

The modularization goals achieved during the Phase II program for the

chopper regulator were:

1. Scaling with respect to power level was possible.
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1

3.

Selection of the components for the power stage, driver stage, and

filter stage was power dependent.

The oscillator and pulse width modulator circuits were identical

for all power levels, but scaling with respect to voltage level was
required.

(
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 ChoPper Regulat°r r Phase I

The final configuration selected for the power stage for the chopper-

regulator series was the single-ended self-stabfllzlng chopper. External gate

triggering was selected as the most suitable means of circuit starting. The

degenerative feedback method of current Limiting was shown to be the most

effective method of improving circuit recovery time. This method of current

limiting required a significantly larger range of operating frequency to main-

taln output voltage control.

At the completion of this phase of the program it was recommended that

further devel_ e_ on tlfls chopper c/rcttit configuration be discontinued,

The proble_ usoolated with circuit starting and current:limiting required

that complex auxiliary circuits be used to obtain proper performance of the

basic power stage. In addition, major effortwas still required to obtain good

inherent line regulation because of the turn off problem of the main chopper

transistor. Also_ the undue control circuit complexity, required to satisfy
the electrical requirements, resulted in the failure of this circuit to achieve

the modularization goals. Development of these breadboards was conducted

only to the extent of obtaining satisfactory static open loop performance.

5.2 Booster Regulator - Phase I

The final circuit configuration selected for the power stage for the

booster regulator series was the single-ended flyback booster controlled by

a line compensated variable pulse width modulator. The results of the pre-

liminary frequency-efficiency data indicated that 30 KHz was a reasonable

operating frequency consistent with minimum size and maximum efficiency.

Selected performance tests on 10, 25, 50, and 100 watt breadboards

showed the following general characteristics: efficiency varied from 88%

to 95'% dependent upon the power level; the open loop voltage regulation was

typically + 3% for complete input Line variations and for load variations of 25%

rated load to 100% rated load. The overload test indicated that there was no

short circuit protection. The output voltage dropped off due to IR drops as

the load increased, but the drop-off was not sufficient to protect the unit or

its source. Both input ripple current and output ripple voltage were con-

siderably higher than allowable. This indicated that either a larger choke
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and output capacitor were necessary, or supplementary L-C filters would have

to be added to the input and output of the booster power supplies.

It was _ecommended that the single-ended flyback booster concept be

further developed In the Phase II program.

5.3 Booster Regulator- Phas e I]

The final circuit configuration selected for the booster regulator converter

is similar to the open loop boosters of the Phase I program, with the addiUon

of a reference amplifier voltage regulator, input and output ripple filters,

and overload and short circuit protection circuits. Size and weight reduction

of the flyback choke was achieved by utilizing the swinging choke effect. The

LC flltez' n_ w_ e_t_ U the optimum input: filter., The pi filter section
was seleOted as the optimum output filter.

A short circuit protection circuit was successfully developed for the 50 watt

and 100 watt boosters. An overload protection circuit was successfully developed

for the 100 watt and 25 watt boosters. A compromised design was achieved

between static regulation performance and dynamic regulation performance.

The following conclusions are based upon the selected electrical performance

data obtained on the four booster breadboards. The efficiency tests on the

boosters showed that maximum efficiency occurred at full load and approximately

mid line as in the open loop versions. They also pointed out that the protection

circuits were from 90% to 96% efficient at full load. The peak efficiencies for

the 10, 25, 50, and 100 watt boosters were 82. 6%, 88. 6%, 91.0% and 92. 6%

respectively, These efflciencies were lower than in the Phase I boosters due

to control circuit losses and the additional losses incurred by operating the

chokes into saturation. The no load losses were relatively independent of power

level, but were much higher for the 100 watt unit which operated at a higher

voltage and required a 2% bleeder at no load. The lower power boosters required

no bleeder loads.

The closed loop static regulation tests showed that all boosters regulated

to well within the _: 1% band specified for line, load and mnbient variations

with and without protection circuits.

The closed loop dynamic regulation investigations revealed that some of

the dynamic characteristics were beyond the deslreable limits; the time responses
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were all within specified values, but the voltage ex_rsions for load. ch_ge

were, in general, 3% of the output voltage and the e_'cUrsions for Line changes

were about 5% of the output with the largest excursion occurring at full load

and 20 to 10 volt Line change.

The input and output ripple was well within the specified limits for all

power levels as a result of the input and output filters added to the Phase I
boosters.

The short circuit and overload protection devices operated satisfactorily

in all cases, but did _reduce efficiency as previously described.

The exteadedoperaUon test indicated excellent stahtllty over the 40 hour

test portod with _k_ drift in the output voltage.

5.4 Choir Re_da_r- Phase II

At the completion of the Phase I program, it was recommended that the

basic control concept developed for the booster power supplies be applied to

a new series of chopper power supplies.

The Phase II chopper breadboards were designed from the unified power

stage concept. The pulse width modulator and oscillator developed for the

booster power suppLies were successfully adapted to the Phase II series of

chopper power supplies, The open loop control problems were resolved by

limiting the input voltage range _o narrower Limits. However, the emitter

base voltage rating limitation of the main chopper switch has not yet been

resolved.

The preliminary investigations into closed loop control showed two

related problems; that of circuit starting, and that of circuit protection.

The choice of solution to the circuit protection problem could dictate the

solution to the starting problem.

The following conclu_i0ns are based upon the selected electrical performance

data obtained on the four chopper breadboards. The efficiency tests on the
chopper breadboards showed that maximum efficiency occurred at low line and

light loads; the maximum efficiency measured for the 10, 25, 50 and 100 watt

choppers were 94. 3%, 94. 5%, 94. 5%, and 97.9% respectively. These numbers

are considerably higher than the closed loop boosters, because all the circuitry
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normally run _'om a l'e_tlated supply within the unit was operated from an

external supply and these losses were not taken into account. The no Ioad

losses for the choppers were appreximately proportional to the power level,

because 5% bleeder loads were used. The additional losses were primarily in

the reset circuitry,

Open loop regulation for line and load was considerably better than the

Phase I choppers, and. the total variations for the 10, 25, 50, and 100 watt

choppers were 3.8 volts, 5.3 volts, 6.4 volts_ and 6.3 volts respectively.

The output ripple voltage was well within specified limits except for the

100 watt unlt which was 50% over the desired value. This was due primarily

to capacitor selection and could be easily, remedied.

The tuput:ourrent ripple for the choppers was relatively large and will

require aulnl_t flltel", to make R acoeptabla. Tke data pz, esented was taken

with no input filter to the choppers, thus the resultant !nput ripple current was

a square wave as predicted by the unified power stage approach.

5. 5 Overall Recommendations

Booster Regulator Converters

The essential breadboard development of the booster regulator converter

haw been completed. Thus two possible programs of follow-on effort can be

re co re.mended.

Packaging of the present booster regulation converter into flight

worthy hardware.
Continuation of the breadboard development effort towards the

modulatization goals previously described.

An outline for these programs is provided in Appendix VI.

Chopper Regulator Converter

Significant development effort remains to be done on the chopper regulator

converters, The problems associated with closed loop control, circuit

starting, and circuit protection have been briefly investigated during the present

program. The selected electrical performance data on the Phase II choppers
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has shownthat .theseunit's possess potentially high efficiency, fight output
voltage oontz'ol and low input and output ripple. Therefore, it is _eoommended

that further development be made with this series of power supplies to achieve

complete closed loop control.

Buck-Boost Regulator Converters

The present program has Limited itself to investigations of boost type

and chopper type power supplies prodicing regulated output voltages slightly

above the maximum input voltage, or sitghtly below the minimum input

voltage respectively.. There exists another type of power supply commonly

termed the '_mz_.k-boost - system having capability of providing a _egulated

output v_talpatlmny, dolnlx, ed point between the ml]flmum _d _,_.m input

wltnge, tmd_hs, ying Osptb_ of providing mlI of the destr_tble outpu_

cha_ctez_flcs .of the booster and chopper conve_r systems investigated in

the pz'eunt p_pam, Thez.efore, it is recommended that a study and

development program be considered for this type of regulator converter.

5-5
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7.0 CONFERENCES

On July 5, 1964, a conference was held with Messrs. Yagerhofer and Pas-

cuitti of NASA Goddard. Discussion concerned program progresst philosophy

of the study, and a review of the literature search. The criteria for selection

of circuitry wan reviewed and weighting factors established.

On September 25, 1964, a second conference was held with Mr. Pascuitti.

Program progress was discussed, and a rough draft of the first quarterly report

was reviewed. It was decided that the original program plan should be modified

somewhat, with the aim of performing most of the analytical and feasibility

investigations before any formal breadboard work was initiated.

A conferonce wu hoId at NA*SA, Gedda_ on July 1, 1965. In attendance

were Messrs. F Yagerhofer and E. I_ascuittt representing NASA, and Messrs.

E. Trifarl and F. Raposa representing HSED. Technical status and contract

status of the program were reviewed. Program e_ ension for the Phase I

program and initiation of the Phase II program were discussed and agreed upon.

A conference was held at NASA Goddard on November 29, 1965. In

attendance were Messrs. F Yagerhofer, E. Pascuitti and G. Burgholder re-

presenting NASA, and Messrs. E. Trifari and F. Raposa representing HSED.

The outline for the final project report for the Phase I program was reviewed

and approved by the N._SA technical representatives.

Technical status of the booster concept effort then in process was discussed

in detail. A reqeSt for contract modif_cation was submitted for retention of the
breadboards from the Phase I program for the remainder of the phase II program.

A conference was held at NASA Goddard on February 21, 1966, In

attendance were Messrs. F Yagerhofer and E. Pascuitti representing NASA, and

F. Raposa representing HSED. The first draft of the Final Project Report for

the Phase I program was transmitted to NASA for approval at this meeting. A

complete review of the Phase I program was presented during this conference.

A conference was held at NASA Goddard on March 3, 1966. In attendance

were Messrs. F. Yagerhofer and E l_scuitti representing NASA and E. Trifari

and F. Baposa representing HSED. Possible supplemental effort and schedule

extension was discussed for application of the unified power stage concept for

both the booster and chopper regulator-converters. The Final Project Report
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for the Phase I program as reviewed in detail and it was agreed that the changes,

correcUons and inclusions recommended by Mr. Pascuittl be incorporated into

the final draft of this report.

A confel, enco was held at HSED on April 4-5_ 1966. In attendance were

Messrs. E.. Pascuitti representing NASA and F Raposa and R. Seaver

representing HSED. The purpose of this meeting was to obtain definition of

satellite DC source characteristics so that the input filter configuration on

the regulator-converters could be firmed up. Mr. Pascuttti presented two

basic satellite power source systems:

le

2.
Solar array/shunt regulator in parallel with batteries.

Sol_ azray wlth an optimum power transfer network paralleled

by  es,

It was agl, eed that only the first system should be considered at this time.

The static characteristics of thls system were made available and It was agreed

that testing at NASA Goddard be made with actual booster breadboards to obtain

the dynamic characteristics of this system.

A conference was held at NASA Goddard on May 2-3, 1966. In attendance

were Messrs. E. Pascuitti and J. PauIkovich representing NASA; Messrs.

F. Raposa _'_d R. Seaver representing HSED. The purpose of thls meeting was

to determine the DC source characteristics of a typical satellite DC power source,

and to define the input filter configuration for the booster converters using the

above DC satellite source. Output impedance data was obtained from a solar

array simulator/shunt regulator-battery system under varying states of

operation. Input filter configurations were defined for the 25 watt booster

regulator.

A conference was held at NASA Goddard on July 20, 1966, In attendance

was Mrs. E. Pascuitti representing NASA, and Mr. F. Raposa representing

HSED. The revised circuit protection scheme providing both overload and

short circuit protection was covered. It was agreed that this revised circuit

be used at the 10 watt and 25 watt levels, and that the original circuit protection

scheme presented in the sixth quarterly report be used at the 50 watt and 100 watt

levels,

A conference was held at NASA Goddard on December 20, 1966, In

attendance were Messrs. F. Yagerhofer and E. Pascuitti representing NASA,
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and Mr. F. Raposa representing HSED. A financial and technical review of the

complete program was made. The effort remaining to complete the program was

agreed to as:

0

2.

3.

Complete all design and development effort on the booster regulator

converters.

Development of the Phase II chopper regulator converters would be

limited to open loop controlled breadboards.

Final technical report would be a comprehensive report summarizing

the results of the entire program effort.
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8.0 NEW TECHI_)LOGY

The subject program has a requirement for extremely tight dynamic voltage

regula Lion. This requirement has dictated the need to develop power conversion

circuits possessing automatic compensation against input line variations. The

circuit presented here achieves the self-stabilization requirement ff_ough the
utilization of the constant volt second characteristic of the drive transformer.

The single ended self-stabflizing chopper, Fig. 22 consists of:A choI_r transistor
Q1; a driver stage consisting of diodes D1, D2, and D3, transistors Q2 and Q3,

reaistors RI_ 1_ and R_ and saturath_ transformer T1; and an output filter

stap oons/_ng _/nduo_z. LI.,. oapao/_o_. C1, and diode D4.

Trmm_oz" Q1 is dz'iven though diodes D2 and D3 at a switching h'eqnency

of twice the drive frequency. The switching actior_ of Q1 produces a unidirectional

pulsating voltago at the input of the filter which averages this pulsating voltage

to a DC level The magnitude of the output voltage V° is determined by V° = Vit/T
where t/T is termed the duty cycle of the main chopper switch.

The self-stabilizing scheme used in this circuit makes use of the constant

volt second p_oduct of transformer T1. Transformer'T1 is capable of supporting

a voltage V l for a time t seconds; hence, if V. increases t must decrease to
maintain the constant volt second product. T_us, the on time of the main power

switch Q1 is made proportional to the input voltage Vi, and automatic compensation
against input line variations can be achieved.

Auxiliary means of initiating each half cycle is required; this is accomplished

with an external gate pulse input fed in through diode D1 and synchronized to

the drive signal for transistors Q3 and Q2. The gate pulse input has a magnitude

and time duration sufficiently large to momentarily forward bias the main power

switch Q1. Momentarily forward biasing transistor Q1 allows the voltage V.
1

to be impressed across transformer T1. Transistor Q1 is then driven by

either transistor Q2 or Q3 through the resistor diode combination of either R_,

D2t or R2, D3.

After a given number of volt-seconds, determined by transformer T1,

saturation of transformer T1 occurs. This causes the drive to transistor Q1

to be extinguished, thus turning Q1 off. Resistor R3 provides degeneration

feedback to the circuit to insure fast turn off recovery after transformer T1

has saturated.
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The circuit described above provides automatic regulaUon of the output

voltage against input line variations only. Regulation against load variations

is easily accomplished by varying the frequency of the square wave drive

source for transistors Q2 and Q3. This results in the duty cycle t/T having

the t a function of input voltage and the T a function of load.
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Converter Protection circuit

One of the requirements of the regulator converters being developed in the

subject program is short circuit protection of the converters. The booster converters

being developed in this program have no inherent means of providing short circuit

protection. The circuit presented in Fig.: 23 provides a means, of sliort'oircuit p_tection

by isolating the output terminals of the converter from the short circuit load whenever
this condition occurs.

The output terminals of the converter are connected to terminals 1 and 2;

the load is connected to terminals 3 and 4. When voltage is first applied across

terminals 1 and 2, transistor Q1 is in a non-conducting state. A leakage is set

Just high enough to allow enough bias to be developed across resistor R3 to turn

transistor Q3 on. Transistor Q3 then turns on transistor Q2 which then turns

On transistorQL Voltage now appears across terminals 3 and 4, transistor Q1 is
driven lato saturation; normal operation now occurs.

When a short circuit is applied to terminals 3 and 4, transistor Q3 is forced

into a non-conducting state since no voltage can be developed across the resistor

combination of R2 and R3. With transistor Q3 non-conducting, transistors Q2

and Q1 are turned off. Thus, with transistor Q1 turned off, the short circuit

condition is prevented from being applied across terminals 1 and 2, and isolation

from the short circuit is obtained. When the short circuit is removed, the circuit

automatically returns to the saturated on state through the starting process
described above.
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Appendix I

Output Impedance.Tests of a

Typical Satellite DC Power Source
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Outputimpedancemeasurementswereobtainedfor thesimulated
satelliteDCpowersourcedescribedin section4.4. Thetest schematic is

shown in figure II-1. The source to be measured is loaded as desired.

Capacitor C blocks DC current from the sine wave generator, and is chosen

large enough to be a small impedance over the frequency range to be tested.
The sine wave gsnerator is set to the desired frequency and this AC signal

passes through R, C, and the source under test; (it is assumed that the load

impedance is much greater than the source impedance). Thus, the current

through R equals the current through the source, and the output impedance can
be determined as:

zo =v
T

but

I = VR

R

giving

Zo=V--_ s x R
VR

where all voltages are the

peak to peak components

Output impedance data was obtained for the following conditions under

varying loads:

1. Solar array simulator/shunt regulator with fully charged

batteries floating across the line.

2. Solar array simulator/shunt regulator de-energized, Drawing

power from battery source.

3. Solar array simulator/shunt regulator only.

4. Solar array simulator/shunt regulator de-energized. Battery

source operating near full discharge.

The data for the different conditions above is shown in tables H-1

through II-4 and figures II-2 through II-5.
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The characteristics of the output impedance are caused by several

interrelated factors including amplifier gain, output circuit capacitance,

internal circuit resistance, and output circuit inductance. The amplifier
gain is most important at low frequencies. The output capacitance is effective

mainly in the mid-frequency band; however, there is usually considerable overlap
with the amplifier gain frequency characteristic. At high frequencies the output

circuit inductance plays the major role in determining the output impedance.

Figure II-2 shows the output impedance characteristic for the complete

satellite simulated DC power source with the battery pack at full charge. In
the frequency range from 1 KC to 3 KC is shown the combined effects of the

_tor ampllfler gain frequency characteristic and output circuit
crappie. Tim output circuit capacitance is shown to be predominant between

$ KC and 30 KC. Above 30 KC the output Circuit inductance is the dominating
factor.

Figure II-3 shows the output impedance characteristic of the fully
charged battery pack. The battery capacitance is predominant in the frequency

range between 1 KC and 10 KC; this is particularly evident at no load. Above
30 KC the output circuit inductance is the dominating factor.

Figure II-4 shows the output impedance characteristic of the solar array

simulator and shunt regulator; the shunt regulator is essentially a multi-staged
_o_-v._..,v,follower circuit. In the _,_,_,,_j¢.......... range of 1 KC to 10 _,_"_,_- shown

the effect of the ampliflerVs gain frequency characteristic. A small capacitance
effect is shown in the frequency range between 10 KC and 30 KC. Above 30 KC

the output circuit _nductance is the dominating factor.

Figure II-5 shows the output impedance characteristic of the battery
pack_ when nearly fully discharged. The'battery pack exhibits essentially a

resistance effect for frequencies up to 30 KC. Above 30 KC the output circuit
inductance is the dominating factor.
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TABLE I-I
Solar Array Simulator/Shunt Regulator activai_d,
Battery floating across output at full charge

VO = 19.6 VDC

Frequency

f

KC

1

2

2.6

3.3

4

10

15

20

30

60

100

IL= 0

ISR = 2 ADC

Vp_p Vp_p

.01
J

I .03
I

.10

.015

.01

.01

• 015

Zo

• 26

.78

3.9

.6

• 39

. 26

• 26

.39

• 03 .78

05 !1.3

ZO= V1__ x R
VR

Load Condition

I L = 0.4 ADC

ISR= 1.6ADC

g R VS Z O

Vp_p 1Vp_p _'_
__.

• 04 .01 26

• 03 .78

.15 3.9

.08 2.1

.02 _-"

.01 .26

.01 .26

! . 015 .39

.03 .78

.. .05 1.3

IL = 1_8 AI)l

ISR : 0.2 A]?,_

Izo
p-pI %-pl

nl t • 03 ,S

0 [ ! ;_

.12 i

iit; ;. (,

• 0t 26

•Ol 26

i .015 39
03 78

05 l, 3

R= 1.04 C_
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TABLE I-2
Solar Array Simulator/Shudt Regulator

de-energized. Drawing power from battery
Botirce

Frequency

f

KC

1

2

4

I0

15

2O

30

60

100

Ivs !ZoV_

V! p_ Vp_p!
.C .13 3.4

.08 _.1

.04 1.0

• 015

• 01

I . 01

• 015

• 04

• 06

Load Condition

! IL = 0.4 ADC

' VO= 16.2 VDC

VR IVs IZo

.04 r-_-_- "f. 3

• 39

• 26

• 26 [
• 39

1.0 1_
1.6

.05 [ 1.3
t

.04 i 1.0

02 . 52

O1 .26

01 .26

02 .52

03 .78

06 1.6

IL = 1.7 ADC

V0 = 14.8 VDC

V_ V8

Vl,_p V_p

•¢4- -702

.02

.02

.01

.01

• 01

•015

.03

.05

• 52

52

52

26

OR
_v

26

39

78

1.3

Z O = VS--x R
VR

R= 1.04 _'_
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f

KC

1

2

4

!0

15

20

30

60

100

Solar Array Simulator/Shunt Regulator Activated.

Battery Disconnected

VO = 19.6 VDC

LOAD COlqDITION

IL= 0

VR V S

vp_p vp_p

0.4 .015

.03

I .07

• 22

.17

.15

• !3

• 15

.19

Z 0

f2

• 39

• 78

1.8

5.7

4.4

3.9

3.4

3.9

4.9

IL = 1.8 ADC

ISR = 0.2 ADC

VR VS ZO

Vp-D Vp_p

• 04 .025 .65

.05 1.3

i .15 3.9,17 4.4

.14 13. B

.125 3.2

.125 3.2

.13 3.4

.16 4.2

Zo= V8-- X R

VR

R= 1.04 _'_
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TABLE1-4
SolarArray Simulator/ShuntRegulatorde-energized.
BatterySourceOperatingNear Full Discharge.

FREQUENCY LOAD CONDITION

1

2

4

10

15

20

30

6O

100

Zo=VS x R
VR

f

KC

IL=0

V O = 11.2 VDC

vs vs Zo

Vp.p Vp.p ._

• 04 L. O1 t. 26

t.. O1 :&. 26

.01 .26

• 012 .32

• 012 .32

q .017 .44

• 025 .65

.05 1.3

.08 2.1

IL = 1.5 ADC

Vo = IZ..VDC

va Vs Zo

• 04 .03 .78

• 01 .26

• 01 .26

• 01 .26

.015 .39

• 015 .39

• 02 .52

.05 1.3

.07 1.8
'r

R= 1.04 _'_
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GSFC

SAS

LATED

GSFC _--[

SHUNT
_ou_

-9_--I
SATELLITE DC POWER SOURCE[

[
I

I

[

YS-I_

Ag C_
13-

/ I
i 1

I 'I

RLOAD

I

-et----

V

VS

• SINE

I

,,____1

FIGURE I-i TEST SCHEMATIC FOR OUTPUT

IMPEDANCE TEST

I--8



n i , n

- " L

4'a " _
-_._ _.!

i!!:

. ÷ ._÷

.N
- : : : ,

: i]_i!

tt,!I

:!

_ !.,

_ t t _

It!!

HSER 4167



i

,+

HSER 4167

II; ; : : :: : : ;: i i jim ; ; ; ; t t i i +11 j i • - . .. .... T jj_ _1_

• ................... +, +,+,, ++!_+-_

- +++++i I I t Y_-ui-t+_t_+ ++'++:++¢+++4+++-+t++t+¢_; +: : : : , I , , , ! fCT-t_--t-r+4--_F:?-'+.++-U_:½-+tTt+TT+ r--_-,;-_l_

• i+j!!+ -kf_-f_t__i++f+f+Ht_Hi++ +
_Nf +_iI¢:F¢¢ti!_¢,¢_!_E:I_FI+
-f-_-4-' + • -_-+-+++++,+.+-_-4 +++'-_+-+?++; + + ;T + ++_,,,,,+ +++I +,+,+,+,1+,::, ,+++U_T+_++:+M+

I /, i + i ! +'l_J'++ +T-U1'+ t¢+-tt+ t+ i +.+t ++ +1/'__+ t+ 'Its+

• Ir-+JTU'q+q--Tl_+1- 7Tr_ rli+_ l-_r; !._1"-.I] , , ! _1 r

¢ ++,jl;;+iIIi_+ z: + tt.__ " 1¢ : .i " tl_{ !

-:: -_ :':' : -'- +T-T "

++ !, +,+++I+,i!,++++++,
1-10



i

HSER 4167

1-11



HSER 4167

o,



HSER 4167

APPENDIX II

UNIFIED POWER STAGE CONCEPT

II-1



HSER 4167

Unified Power_Stage Concept

The circuit shown in Figure I-1 can act as a booster or

chopper of DC voltage depending upon the direction of power flow
within the circuit.

Chop

L _ _ Boost

VL C _ __----$2 _" . _ -0

jC1 IS1 C2 VH °

81 is closed when

S2 is open, $1 is
open when $2 is
closed; both $1 and
$2 are bidirectional

switches

Figure I-1 - Unified Power Stage Concept.

For boosting action, the input voltage is supplied to the V L

terminals, and a voltage higher than VTiS produced at V H. In
operation, Switch S1 closes with switch-S_ open, and current builds

up linearly through inductor L. After a g_ven inter_al, ._vitch S1

opens, and switch $2 closes. This adds the voltage induced in the
inductor L to the source voltage creating an output voltage higher

than the input voltage. During the next half cycle s_tclT $2 opens

and S1 closes, so that inductor L is charging up, and capacitor
C2 is discharging into the load, It can be shown that the boost

output is given by:

V = VL where O is the conduction angle of
0

1-0 switch S1

For chopping action the source voltage is supplied to the

VH terminals, and the output is tsken at VT. In operation, switch
S_'is closed and switch S1 is open; as with'U_e booster, the current

lI-2
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builds up in choke L. After a given interval $2 opens and S1

closes. Now the voltage induced in choke L is directly across the
load. It can be shown that the chopped output is given by:

v=v i ¢ where ¢ is the conduction angle of switch
S2.

Note that in the above discussion, the current flow through

switches S1 and S2 must be bidirectional for the given circuit to
provide either boosting or chopping action.

For practical operation, switches $1 and $2 must be re-
placed with semiconductors which are tmidirectional devices. For

chopper action, switch S1 is replaced by a diode and 82 is replaced
by a transistor as shown in Figure I-2.

O

V H

O

Q

_-- C1

6

L_- D C2 i °]
-T- vL

I !

L_J
Load

Figure 1-2 Chopper Power Stage

Transistor Q is switched by external circuitry, and diode D

is switched by the polarity reversals across the inductor L. With

transistor Q on, diode D is back biased by the source voltage;

when {ransistor Q is off, diode D is forward biased by the induced
voltage across inductor L.

II-3
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For boosteraction,switch81is replacedbyatransistor,
andswitch_2 is replaced by a diode as shown in Figure 1-3.

V L C1 Q
D_IC2 Load

Figure 1-3 Booster Power Stage

Tranaistor Q is switched on and off by external circuitry and
d/ode D is switched by the changing bias voltage caused by the

switcbing action of transistor Q. With transistor Q on, D is back-
biased by the output voltage; when transistor Q is off, diode D is

forward biased by the induced voltage in choke L and the supply

voltage.

Derivation of Chopper-I__oster Output Voltage

V1 T C1

0 I

0

S1 C2 V2

]I-4
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Conditl_,ns:

tI and E l arc the time and voltage across L when 81 is
_nducq:tig.

t^ and E^ are the time and voltage across L when $2 is

conducting.

Using the basic equa_on for induced voltage,

LAi
1) E - At orEAt = LAi Because the total volt-

second product across

inductor L must equal

F.ero.

2) E 1At I = E2 A t 2 = LAil = LAi2

3) During Atl, V1 = E1 or E 1 = V1

4) DurlngAt2 ' V2 = V1 + E2 or, E 2 = V 2 - V 1

_ubstituting equations 3 and 4 into equation 2,

5) V1 A tI = (V2 - Vl) At2 or V 1 (At I + At2) = V 2At 2

defining T as the total period A t I + A t 2

V 2 = VIT .

A t2

This equatio_ is the general form for either the booster or the

chopper_ fo r booster action V2 is the output voltage and V 1 is the
input voltage; therefore:

T

V = Vi _t2 and At 2 = T - At I so,

II-5
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VOUT= VIN T-At I 1 A't1
T

where {}isthe conduction angle Of switch Sl.

For chopping action,V 2 is the input voltage and V 1 is the output
voltsge, so:

T t2

V i = Vo t2 orVo = Vi T = Vi

where ¢ is the conduction angle of switch $2.

11-6
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APPENDIX HI

Breadboard Test Data

Booster Regulator Converters
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BOOSTER PERFORMANCE CHARACTERISTICS

The following tests were run on the Phase IIboosters to determine their

performance characteristics:

1. No load losses

2. Efficiency

3. Static regulation

4. Output voltage ripple

5. Input current ripple

6. Dynamic regulation

7. 40 hour extended operation

8. Short circuit protection

The no load losses test was run with a digital voltmeter directly at the

input of the booster and an ammeter between the voltmeter and the power source.

Power was calculated as the volt-ampere product.

The efficiency was run with a digital voltmeter directly at the input and
output of the booster _--_ _ ....._l_, ammeters _Lw_en the input voltmeter and the power

source and be_-ween the output voltmeter and the load. Efficiency was calculated

as (Voutiout/v.nim)/• x 100.

static regulation was measured with a digital voltmeter directly at the

input and output of the booster with the booster in a temperature chamber.

Output voltage ripple was measured on a (561A) Tektronix oscilloscope

across the output. Only ripple below 1 mc was recorded.

Input current ripple was measured with a (561A) Tektronix oscilloscope
across a. 28 ohm resistor for the 10 and 25 watt booster and a. 105 ohm resistor

for the 50 and 100 watt boosters in series with the input supply line. Dynamic

regulation was run by switching loads and input voltages with the circuit shown below

and was measured on a (564) Tektronix storage scope.

HI-2
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1 Resistor, wire wound - 5 watt, . 105 ohm

1 Resistor, 2 watt, 1 ohm

1 Capacitor 20, 000 uf

i Capacitor I000/_f

Temperature Chamber, Statham TC 2B

1 Capacitor 80/Jf

Load Boards i0, 25, 50, i00 watt

1 Diode 10 amp 1Nl188

Overload and short circuitprotection was tested in all boosters by over-

loading and short circuiting the low power and high power boards respectively

and noting whether or not the input current decreased to a safe value. Because

of the nature of this test, no tables or graphs are presented; all units were

satisfactorilyprotected.

BOOSTER DATA ANA LYSIS

Io No load losses: No load losses are primarily a function of the input

voltage as is shown by the fact that (neglecting protection circuits)

the 10, 25, and 50 watt boosters have almost identical no load loss

characteristics, varying from 1.5 watts at low line to 2 watts at

high line. Because the 100 watt booster operates over a higher

input voltage range, the no load losses are proportionally higher;

added to this, the 100 watt unit requires a bleeder load, because

of the small inductance in its flyback choke. The 100 watt booster

no load losses vary from 5_6 to 6.0 watts, and 3 watts of this is in
the bleeder.

Addition of the protection circuits increases the no load losses substantially.

The overload protection circuit adds about. 6 watts loss to the 10 and 25

watt boosters, and the short circuit protection adds about 1.3 watts to the

50 and 100 watt no load losses.
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III.

Efficiency

Efficiency measurements were taken on all the boosters, with an without

protection circuits, at 1/4, 1/2, 3/4 and fulI Ioad and over the input voltage

range. The data shows a general increase of efficiency with input voltage

except at light loads where control losses become predominant. As has

been known, these losses increase with input voltage thus reducing

efficiency. The peak efficiencies for the 10, 25, 50, and 100 watt boards

without protection are 82.3%, 88.3%, 91.0%, and 92.6% respectively;

the protected units have efficiencies of 74. 6%, 80.4%, 84.5%, and 88.6%

indicating that the protection devices are between 90% and 96% efficient

depending on the power level and type of protection desired.

Static Regulation

Output voltage was measured at -20°C, room temprature, and +70°C for

no load, 1/4 load, 1/2 load, 3/4 load, and fullload over the specified

input voltage range for units with and without protection devices. The

output voltages are well within the specified limits, but the data indicates

more drift at low temperature than high; thatis partly because the regu-

lators were trimmed to prevent saturation at high temperature which

resulted in operation near cut-off at low temperature. When operated

without protection the 10 watt beard varied from 22.05 to 21.89 over

line load and ambient, while in the protected mode itvaried from 22. 08

to 21.81. In both cases, the output was set to 22.00 at room temperature

15 volts input and 1/2 load. The regulation of all the boosters is similar

_,zu within spec,neu nm_ts.

IV. Output Voltage Ripple:

Output ripple was measured at low line, mid line, and high line at no load

and full load. The ripple can be divided into two frequency ranges: Below

1 mc and above 1 mc. Because the breadboards are open and EMI shielding

and filtering are impractical, only the components below 1 mc are recorded.

This portion of the ripple is a 30 KC sinusoid and is within specified limits.

The ripple decreases as the input voltage increases as would be expected

from the previously presented equation:

Vp-p= E - E.
out in

fRLC

where f is the frequency of operation, C is

the output capacitor and R L is the load.
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V. Input Current Ripple:

Input rlpple was measured at low ].ine, mid llnej and high line at no load

and full load. The ripple can bedlvided into two frequency ranges:

Below 1 MC, for the reasons described above. The ripple current is

theoretically independent of load and should be a maximum when the input

voltage equals one half of the output voltage. While this holds true for no

load, at full load the saturating chokes used exhibit a decreased inductance

which adds another variable to the equation:

i a Ein (Eout - Eln)
fL Eout

A s a result of this decrease in inductance, the full load ripple is generally

greater than at no load. The only exception to this appears at the 10 watt

level, where the high frequency radiation probably overloads the oscilloscope

amplifier causing distortion of the wave shape, however, all ripple is within
the specified limits.

VI. Dynamic Response:

Dynamic response was tested by switching the input voltage from low line

to high line and high line to low line at full load and no load, then the load

was switched from 3/4 to full load and full load to 3/4 at high line and |ow

line. The results are shown in Table HI-1 and dynamic response photographs.

For the most part, the recovery times were v_ll within specifications lint

the maximum voltage excursions were greater than the specified + 2%

limit for many cases. These results are due to designs based on the results

of the tests recorded in the 7th quarterly reports and are a compromise

between maximum excursion, recovery time, static regulation and stability.

IH-6



HSER4167

Table III-1

Power
Level

ii itl

100

Watt

50

Watt

25

Watt

10

Watt

Dynamic Response of Booster Regulator Converters

Load

%

0

0

100

100

lOO_75
75_00
100_75

75-_oo

0

0

100

100

100-_75

75_100

lOO4_75
75_b100

0

0

100

100

100_75

75_oo
lOO_75
75_1oo

0

0

100

100

100_75

75-_00

lOO_75
75_1oo

Input

Volts

22_33

33_2

22-_3

33_22

22

22

33

33

12_20

20_12

12t_2o
20_12

12

12

20

2O

lO_O
20_10

lO4_O

20_0
10

10

2O

2O

lo_2o
20-_0

10t_20

2o_1o
10

10

2O

20

Dynamic Response

Dynamic Regulation

Peak Volts

| • i

1.90

.65

1.60

4. 00

.80

.60

• 60

.30

.18

• 34

.75

.90

1.05

• 80

.70

.50

.75

1.40

1.40

3.10

.80

.70

.45

• 32

.45

.65

• 80

.75

.45

• 44

.26

.20

it i

Recovery Time
Milliseconds

10

30

10

10

10

10

i0

10

0

40

10L

i0

i0

i0

10

i0

50

50

50

50

20

20

10

10

10

50

20

50

10

10

10

0
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Input Ripple Current No Load 15 Volt Input

Vertical Scale 35.7 ma/Div.

Horizontal Scale Z0 _sec/Div.

Input Ripple Current Full Load 15 Volt Input

Vertical Scale 35.7 um/l_iv.

Horizontal Scale Z0 Msec/Div.

Figure III-14 Input Ripple Current I0 Watt Booster
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Output Ripple Voltage No Load 15 Volt Input
Vertical Scale 10 hAV/Div.

Horizontal Scale 10 _sec/Div.

Output Ripple V,,)!taZc F_ll I oad 15 Volt Input

Vertical Scale i0 MV/Div.

Horizontal Scah, [0 _sec/Div.

Figure III-15 Output Ripple Voltage l0 Watt Booster
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i0 To 20 Volts Input At No Load Output

Voltage Transient

Vertical Scale . Z V/Div.

Horizontal Scale . i Sec/Div.

Z0 To i0 MulLs Input At No Load Output

Voltage Transient

Vertical Scale" . 5 V/D[v.

Horizontal Scale . 1 Sec/Div.

Figure I/I-16 Dynanlic Response I0 _%att Boost_r
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i0 To 20 Volts Input At Full Load Output

Voltage Transient

Vertical Scale . 5 V/Div.

Horizontal Scale . I Sec/Div.

20 To i0 Volts i,II)ut At Vu[L I_oad Outp_

Voltage T ransh'nt

Vertical Scale . 5 V/l>iv.

Horizontal Scale .l 5,,c/D[v.

Figure Ill-17 Dynamic R_ s})()ns_ ]0 \V_tt I%oost('r
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Full Load To 3/4 At 10 Volts In Output

Voltage Transient
Vertical Scale . Z V/DiVo

Horizontal Scale . 1 Sec/Div.

3/4 To Full Load At I0 Volts In Output

Voltage Transient
Vertical Scale .2 V/Div.

Horizontal Scale .i Sec/Div.

Figure III-18 Dynamic Response i0 Watt Booster

IE-21



SER 4 71

Full Load To 3/4 At 20 Volts in Output

Voltage Transient

Vertical Scale . 1 V/Div.

Horizontal Scale . 1 Sec/Div.

3/4 To Full Load At 20 Volts In Output

Voltage Transient

VerticalSca]_, .1 V/Div.

Horizontal Scale , 1 Sec/Div.

Figure llI-19 Dynamic Response, 10 Watt Booster
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Input Ripple Current No Load
Vert. Scale: 35.7 ma/Div

Horz. Scale: 20 #sec/Div.

15 Volt Input

Input Ripple Current Full Load 15 Volt Input
Vert. Scale: 35.7 ma/Div

Horz. Scale: 20 g_ec/Div

Figure III- 24 Input Ripple Current 25 Watt Booster
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Output Voltage Ripple No Load 15 Volt Input
Vert. Scale: 10 mv/Div

Horz. Scale: 10/asec/Div

Output Voltage Ripple No Load

Vert. Scale: I0 mv/Oiv

Horz. Scale: 10#sec/Div

15 Volt Input

Figure III-25 Output Ripple Voltage 25 Watt t_ooster
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I0 To 20 Volts Input At No Load Output

Voltage Transient

Vertical Scale . 5 V/Div.

Horizontal S_ale . 1 Sec/D_v.

20 To 1,0 Volts Input At No Load Output

Voltage Transient

Vertical Scale . 5 V/Div.

Horizontal _calc . 1 Sec/Div,

Figure Iii-26 Dynamic R¢'sponse 25 Watt Booster
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I0 to ZO Volts Input At Full Load Output"

Voltage Transient

Vertical Scale 1.0 V/Div'

Horizontal Scale .! Sec/Div.

ZO To i0 Volts Input At Full Load Output

Voltage Transient

Vertical Scale 1.0 V/Div.

Horizontal Scale . 1 Sec/Div.

Figure Iii-27 Dynan_ic Response 25 Watt Booster
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Full Load To 3/4 At i0 Volts In Output

Voltage Transient

Vertical Scale .5 V/Div.

Horizontal Scale . 1 Sec/Div.

3/4 To Full Load At l0 Volts In Output

Voltage Transient

Vertical Scale .5 V/Div.

Horizontal Scale . i Scc/Div.

Figure III-28 Dynan_ic Response 25 Watt Booster
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Full Load To 3/4 At 20 Volts In Output

Voltage Transient

Vertical Scale . 2 V/Div.

Horizontal Scale l V/Div.

3/4 To Full I_o_d At 20 Volts In Output

Voltage Transient

Vertical Scab" oZ V/Div.

Horizontal Scale . I Scc/Div.

Figure III=29 Dynamic Response 25 Watt Booster
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Input Ripple Current No Load 16 Volt Input
Vert. Scale: 95 ma/Div

Horz. Scale 20 #sec/Div

Input Ripple Current Full Load

Vert. Scale: 95 ma/Div

Horz. Scale: 20gsec/Div

16 Volt Input

Figure III-34 Input Ripple Current 50 Wa,tt Booster
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Output Ripple Voltage No Load
Vert. Scale: I0 mv/Div

Horz. Scale: I0 psec/Div

16 Vo.lt Input

Output Rippte Voltage Full Load 16 Volt Input
Vert. Scale: 10 mv/Div

Horz. Scale: 10psec/Div

Figure Ill- 35 Output Ripple Voltage 50 \Vatt Booster
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IZ To 20 Volts input At No Load C"atput

Voltage Transient

Vertical Scale . 2 V/Div.

Horizontal Scale . 1 Sec/Div.

Z0 To 12 Volts Input At No Load Output

Voltage Trans:_. nt

Vertical Scah ' .2 V/Div.

Horizontal Sc_d_ ol 5ec/DiVo

Figure ili-36 Dynamic R<_sl)onst' 50 Watt Bo_:ster
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12 To 20Volts Input _^_Fu]l Load Output
Voltage TransLcnt
Vertical Scale . 5 V/Div.
Horizontal Scale . i Sec/DLv.

20 To 12 Volt= Input At Full Eoad Output

Voltage ir_i1:shnt

Vertical 5cal{ .5 V/l)iVo

}iorizontal ScaLe . ] Scc/Div.

Figure III-37 Dynamic Response 50 Watt l_ooster
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Full Load to 3/4 At 12 Volts In Output

Voltage Transient

Vertical Scale . 5 V/Div.

Horizontal Scale . 1 Sec/Div.

3/4 To Full l.oar! At !2 Volts In Oui_ut

Voltage Transient

Vertical Scale .5 V/Div.

Horizontal Scale .l V/Div.

Figure 111-38 Dynan_ie Response 50 Watt Booster
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Full Load To 3/4 At Z0 Volts In Output

Voltage Transient

Vertical Scale . 5 V/Div

Horizontal Scale . i Sec/Div.

3/4 To Full Load At Z0 Volts In Output

Voltage Transi_ nt

Vertic_l Scale .5 V/Div.

Horizontal Scale .i Sec/Div.

Figure III.39 Dynan_ic Response 50 Watt Booster
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Input Ripple Current No Load 27.5 Vo!t Input
Vert. Scale 95 ma/Div

Horz. Scale: 20 psec/Div

Input Ripple Current Full Load

Vert. Scale: _,_ n_aj ,J,_

Horz. Scale: 20 p,_ec,/I)iv

27.5 Volt Input

Figure m-44 Input Ripple Current 100 Watt I_ooster
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Output R! pp!e Voltage No Load 27.5 Volt Input
Vert. Scale: 10 mv/Div

Horz. Scale: 10 _sec/Div

Output Ripple Voltage Full Load 27.5 Volt Input

Vert. Scale: 10 mv/Div

Horz. Scale: 10 _sec/Div

Figure III-45 Output Ripple Voltage 100-Watt Booster
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ZZ70 33 Volts Input At No Load Output

Voltage Transient

Vertical Scale 1.0 V/Div.

Horizontal Scale . 1 Sec/Div.

33 To 2Z Volts Input At No Load Output

Voltage Transient

Vertical Scale I. 0 V/Div.

Horizont_l Scale . 1 Sec/Div.

Figure ILI=46 Dynamic Response I00 Watt Booster
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gZ To 33 Volts Input At Full Load Output

Voltage Transient

Vertical Scale .5V/Div.

Horizontal Scale .1 V/Div.

33 To 2Z Volt_ L_put /_t Full Load Output

Voltage Transient
Vertical Scale 1.0 V/Divo

Horizontal Scale .i Sec/Div.

Figure 111-47 Dynamic Respo;_se !00 Watt Booster
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Full Load To 3/4 At 22 Volts In Output

Voltage Transient

Vertical Scale . 5 V/Div.

Horizontal Scale . I Sec/Div.

3/4 To Vu]! l_)ad At Zi Volts In Output

Voltage Transi_,nt

Vertical Scale . 5 V/l)_v.

Horizontal Scale 01 S_c/Div.

Figure III-48 Dynan_ic Respo_se I00 \Vatt f_ooater
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Full Load to 3/4 At 33 Volts In Output

Voltage Transient

Vertical Scale . 5V/Div.

Horizontal Scale . I Sec/Div.

3/4 To Full I.oad At 33 Volts In Output

Voltage T ....... _

Vertical Scale . Z V/f)iv.

Horizontal Scal_ • . ] q_ c/r)iv.

Figure III-49 Dynamic Respon_ !i)0 \\:_tr _F_o_ter
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A PPENDIX IV

Breadboard Test Data

Chopper Regulator Converters
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CHOPPE PE FO  NCZ CRA CTZ  ST CS

The following tests were run on the Phase II chopper breadboards to

determine their performance characteristics:

1. No load losses

2. Efficiency

3. Open loop regulation

4. Output voltage ripple

5. Input current ripple

The no load losses test was run with a digital voltmeter directly at the

input terminals of the chopper, and an ammeter between the voltmeter and the

power source. Power was calculated as the volt ampere product.

The efficiency was run with digital voltmeters directly across the input

and output terminals of the chopper and ammeter between the input voltmeter

and the power source and between the output voltmeter and the board. Efficiency

was calculated as (VoutIout/VinIin) x 100. No measurement was made of power
supplied by the auxiliary_ B+ supply used to operate the control circuitry in the

open loop mode.

Open loop regulation was measured with a digital voltmeter directly across

the input and output terminals. The output was set to nominal at low line full
load _1 not reset for the duration of the test.

Output voltage ripple was measured on a 561A Tektronix oscilloscope across

the output. Only ripple below 1 mc was recorded.

Input current ripple was measured with a 56LA Tektronix oscilloscope

across a105 ohm resistor in series with the input supply line.

CHOPPER DATA ANALYSIS

I. No Load Losses:

The no load losses of the choppers are approximately proportional to the

power level of the boards because a large portion of these losses is due to

IV-2
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II.

HI.

external bleeders and these bleeders are sized for each power level,

The relativelylarge increase in 100 watt losses indicates losses in the

reset circuit and power diode, as these conduct more as input voltage

increases the 10, 25, and 50 watt choppers have no.load losses of about

.7, I. 3, and 2. 3 watts respectively; the 100 watt losses vary from 4.8
to 8.4 watts.

Efficiency:

Efficiency measurements were taken on all the choppers at 1/4, 1/2,

3.4, and full load over the input voltage range, The data shown a

decrease in efficiency as the input voltage increases indicating that

a large portion of the losses are in the power diode and reset circuitry.

The peak efficiencies for the 10, 25, 50 and 100 watt choppers are 94.3%,

94.5%, 94.5% and 97.9% respectively; the minimum are 86.4, 85.5,

86.4, and 92. 4%. These efficiencies do no include losses in circuitry

powered by auxiliary supplies or bleeder resistors.

Static Regulation - Open Loop:

For this test, the output voltage was set at its nominal value at full load,

low line, and the input voltage was varied over the specified range for no

load, 1/4, 1/2, 3/4, and full load. The resulting output voltage regulation

indicates that output voltage increases with input voltage at about 1/2 the

rate. (i. e., for a change of 8 volts on the input, the output changes about
4 volts. ) The output voltage also decreases as load is increased. The

total voltage change on the 10, 25, 50 and 100 watt choppers for line and

load variations are 3.8V, 5. 3V, 6.4V, and 6.3V respectively.

IV. Output Voltage Ripple:

Output ripple was measured at low, mid, and high line at no load and full

load. As has been explained previously, only the ripple below 1 mc was

recorded. No attempt has been made to finalize output filters, so the

ripple data varies radically from unit to unit. The 10, 25, 50 and 100 watt

choppers have peak ripple values of 12, 18, 11. 5 and 125 mv respectively,

thus only the 100 watt unit is out of spec and this could be corrected by

switching capacitor types and/or adding an output choke.

i¥-3
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•V. Input Ripple Current:

Input ripple was measuredat low, mid and high line at no load and full
load, The unfiltered input ripple to a chopper is inherently high and this
is demonstrated in the data. The 10, 25, 50 and 100 watt choppers have

input ripple of 1.1, 2.4, 4.2 and 5.7 amps peak to peak respectively;

this data was taken with no input filter at all, but indicates that considerable

input filtration may be required.
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Input Ripple Current No Load 16 Volt Input
Vert. Scale: 95 ma/Div

Horz. Scale: 10 _sec/D/v

Input Ripple Current Full Load

Vert. Scale: 475 ma/Div

Horz. Scale: 10psec/Div

16 Volt Input

Figure IV-12 Input Ripple Current 10 Watt Chopper
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Output Ripple Voltage No Load 16 Volt Input
Vert. Scale: 10 mv/Div

Horz. Scale: 10 psec/Div

Output Ripple Voltage Full Load 16 Volt Input
Vert. Scale: 10 mv/Div

Horz. Scale: 10 _sec/Div

Figure IV-13 Output Ripple Voltage 10 Watt Chopper
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Input Ripple Current No Load 16 Volt Input
Vert. Scale 95 ma/Div

Horz. Scale: 10 psec/Div

Input Ripple Current Full Load 16 Volt Input
Vert. Scale: 950 ma/Div

Horz. Scale: 10 _sec/Div

Figure IV-16 Input Ripple Current 25 Watt Chopper
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OutputRippleVoltageNoLoad16Volt Input
Vert. Scale: 10mv/Div
Horz. Scale: 10_sec/Div

Output Ripple Voltage Full Load 16 Volt Input

Vert. Scale: 10 mv/Div

Horz. Scale: 10psec/Div

Figure IV-17 Output Ripple Voltage 25 Watt Chopper
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Input Ripple Current No Load 17 Volt Input
Vert Scale: 95 ma/Div

Horz. Scale: 10 #sec/Div

Input Ripple Current Full Load 17 Volt Input
Vert Scale: 950 ma/Div

Horz. Scale: 10#sec/Div

Figure IV-20 Input Ripple Current 50 Watt Chopper
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Output Ripple Voltage No Load 17 Volt Input
Vert. Scale: 10 my/see

Horz. Scale: 10pscc/Div

Output Voltage Ripple Full I,oad 17 Volt Input
Vert. Scale: 10 mv/Div

Horz. Scale: 10psec/Div

Figure IV-21 Output Voltage Ripple 50 Watt Chopper
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Input Current Ripple No Load 28.5 Volt Input
Vert. Scale: 190 ma/Div

Horz. Scale: 10 psee/Div

Input Current Ripple Full Load 2S. 5 Volt Input
Vert Scale: 1.9A Div

Horz Scale: 10psec/Div

Figure IV-24 Input Current Ripple 100 Watt Chopper
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Output Ripple Voltage No Load 28. 500 Volt Input
Vert. Scale: 20 mv/Div

Horz. Scale: t0 psec/Div

Output Ripple Voltagc Ft'll Load 28.5 Volt Input
Vert. Scale: 20 mv/Div

Horz. Scale: 10 paoc/Div

Figure IV-25 Output Ripple Voltage 100 Watt Chopper
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APPENDIX V

Component Size and Weight Summary

Booster Regulator Converters
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SIZE AND_ WEK}HT ANALYfl_

A size aad weight analysie was made on the booster series of power

supplte_ For the mm_sis, each booster was broken down into the following
circuit functions:

i. Oscillator

2. Voltage Regulator

3. Sawtooth Former

4. Pulse Width Modulator/Driver

5. B+ Supply

6. Power Stage/Input Filter/Output Filter

7. Overload Protection

8. Short Circuit Protection

The weight and the volume of all electrical components of each circuit

function were determined using the following assumptions:

1. Resistors, tubular capacitors, diodes and transistors except stud

mounted types were taken as geometric cylinders excluding leads.

Stud mounted cx, mponents were taken as geometric cylinders including
mounting hardware and leads.

2. Mica capacitors were taken as rectangular solids excluding leads.

3. All magnetics were torroids and were taken as geometric cylinders excluding
leads.

Table V-I and V-II summarize the size and weight analysis for the 10,

25, 50 and 100 watt boosters. The curve in Figure V-I show how the electrical

component volume and weight of the boosters compare with the design goals.
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Table V-I Electrical Component Weight (Lbso)

I§W 25W 50W 1O0W

Oscillator .0075 .0075 .0075 .0075

Voltage Rear .0248 o 0248 o 0248 .0248

Sawtooth Former .0064 .0064 .0064 .0064

Pulse Width Modulator/Drlver" .0481 .0481 .0481 .0481

B+ Supply o 0057 .0057 .0057 .0107

Power Stage/Input Filter/Output Filter .1757 .2704 .4933 .4407

Overload Protection .0668 .0668 - -

Short Circuit Protection - - .0553 .0553

Total (Lbs.) .3350 .4297 .6411 .5938

Table V-H Electrical Component Volume (cu. in. )

I i

O s cilIator

Voltage Regulator

Sawtooth Former

Pulse Width Modulator/Driver

B+ Supply

Power Stage/Input Filter/Output Filter

Overload Protection

Short Circuit Protection

I

Total (CUo in. )

10W 25W

• 0790 .0790

• 3192 .3192

• 0623 .0623

.4432 .4432

.0480 .0480

1.2744 2.3724

.9256 •9256

m

3.1517 1 4o 2497

50W

.0790

o 3192

.0623

.44_32

• 0480

4. 5590

• 7673

I

6. 2780

100W

.0790

• 3192

• 0623

• 4293

.0856

4. 3410

N

• 7673

6o 0837
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APPENDIX VI

biod_on Program

For

Satellite Power Cond/t/on/ng Systems
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moDT.rnAmzATD_ -PROGRAMFOR SATEnL_T_
!'o_ _NDrr_NmG_Sr_ZMS

0bji_i_re,_ _O_._- To satisfy satemte power conversion
system requirements by utilization of modularlzaflon concepts for the

powor conversion circuits. To.he accomplished by developing basic

building block circuits ap_ state-of-the-art techniques to obtain

maximum efficiency and minimum size and weight consistent with:

present and anticipated scientific satellite load and power source

characteristics. To obt_n flexible ut_].izaUon of these basic building

block circuits to satisfy a large range of anUoipatA_l satellite power

conditioning system requirements.

II. Anticipated:Modular Breakdown

VAR.

D.C
IINPUT

I

I

I

I

REGULATO_ I

¢
i !

VOLTAGE I

REGULATOR -'

i

VOLTAGE _.REGULATOR i
I

.. |

I I

18OLATiON

INVERTER AND/
OR k_ULllPLE

OUTPUT

INVERTER i

OU TP_JT

OUTPUT

Block Functions

i' VI-2
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A. Pre-_. This •block has c_bility,as a pre-regulator in the above

• Mock dle4_tm p_ovlding regulation agalnst:input:line varie_ons. This

.block aI_. has the capability of being operated as m booster or chopper

lWW_ _ Ir£_ _Eq_ _e_on _tnst line and load v_'l_ons.

B. _ Inverter. The isolation inverter provides the following functions:

Isolation

Voltage Transformation

Single-or Multiple Outputs

C* Output Regulator. The output regulator provides the matching character-
istics to the load such as:

Ripple Voltage Filtering

Voltage Regulation

Transient Recovery

Dynamic Voltage Regulation

Output Impedance

IIIo Present Program NAS 5-3921 - The present program is an initial step in

_.Xis modularization _ncept and is limited in scope to the pre-regulator

circuit. _peciflc effort is being directed toward research, design and

deveIopment of power circuits, control circuits, and filter circuits

required to perform the pre-regulator function.

Two basic circuits are being developed. The chopper series of power

supplies are maintaining a regulated outtmt voltage slightly below the

minimum input_ne, The booster series of power supplies are main-

taining a regulated output voltage slightly above the maximum input line.

High frequency switching is being investigated for size and weight

considerations. Maximum switching frequency is being balanced

against over all conversion efficiency.

VI-3
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IVO

,A.

Self-_ techni/lues axe being lnvesUg_;ed for the _o

._ rNl, lmmen_ These techn_ues are to pray/de au_mat/e

oompmm_on _t _t _ va.-'iaUons. I_put ourrent ripple I/m/ts
as.well as outlmt wltnge rtl_l_ ].tmJ.te are being satisfied.

Power supplies are being designed for 4 basic output power levels.

10 watts, 25 watts, 50 watts and 100 watts.

The end result of the present program will be complete closed loop

controlled breadboarded power suppUes in the above power levels.

These lmWOr supplies will have specified characteristics in voltage

regulation, input current and output voltage ripple, dynamic x'egulaflon0

recovery time, efficiency, and circuit protection.

Fu_ Program Effort -
_ J lu ,

could be considered.
Two possible programs of follow-on effort

Paokagtng of Pre-rogulator _trcutt.

A lmckaglng program could be initiated toward either conventional

packaging or mlcrominiaturization taking into consideration the
following environmental requirements.

1. Temperature

2. Pressure

3. Humidity

4. Vibration - sinusoidal and random excitation

5. Magnetic field characteristics

6. Electromagnetic Interference Suppression

Special packaging considerations wflI be required for high frequency

switching techniques being developed in the present NASA program.

If a mlcromlniaturlzation program is to be considered, additional

circuit work will be required to adapt and modify the present circuits

to practical microcircuit techniques.

VI-4
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.lJ._ Ceettmlttfea ef MedubttqzStton Prell_Jn Futu_ progtmm effe_.eeuid bo

dizeemd Wwanl eempleUon o_ L In_edJmam modul_ slstem mnta_ te
Qat _4a_med.. Spoelfle items to be covered weald lndubs

in" tbo basle fselation inverter etreuits.

• 1. InvesUlSUoa of highly efficient output regulator eft, cults having
tho _:riJ_gl._ _ the _ .dls_smNI above.

a.. Memm d obtaining mulUple outputs from the isolation inverter
Idoek.

40 _ftee requirements of the modular building bioek8.

S. Ttmnsient nssimnse ehazaete_Ues ted Itability, of eomplete

nmdular system.

r 60 _t _n methods for eteh of the possible nmdul_ syJtonw.
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P/_1_q-5 LI ST _-D_ t_ "1-o _C

pA_Ts L_ST /vo. 5 KOE ?-..,_-8

"RE_uIR_ _P,_T TI>E_TIFsrA_IOs

5

I

I

I

I

_NII3?-

2. N ?.107..

?_N ?-8"t0

I Ng_'_

iN _880

. ooi.,_4" C.D. 2_I 5b,

_0 p_ c.b. _A-_'rS_-e

_.C,_I TRAN51SToR; QZ->Q'Tj_Sj Q7_O_

I

7

I

I

I

I

I

I

I

|

I

I

I

I

I

I

I

I

I

• I
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HAMILTON STAN DARI)

PA_cTS L_I ST"

b& -To be'. f :)NVE p? t-.T/_' W__._r2c_%T&:_ tOO VV.,*,T"r"

SKGSZ49

2.

4-

I

I

I

I

2_N?_10__

2N 2-84-O

2N Z4-3Z

VE N ,b O._

,.'r'/4 / ,# c /-/ / z

R.C._

@.E,

-T-. I.

f _,'%,"4_, )'r;>o_

It,4 _ rd,Bo

G Z.O ,,4
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_t S O p_

I
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I

I

l

!

I
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1
t

I
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C-b. ZZ4 S'T'_ _'C C,qPAC _r-o_ C_
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HAMILTON STANDARD

PARTS LI ST

HSER 4167

PARTS LIST FOR DC TO .be CONVE_,_-_-R CNOPPE-R , /_ watt

P_RI"S LiST No. 5K_37..4-?..

.RES_sTo_ I__

_S.ST_'_'. r,_'/_ i_...f__.......
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"PAR.T_ L_T FOR

HAMILTON %TANI)ARD

_AR'rS L _ST

i

)

S_5 Z._3

?-5' W_rr

3

iO

.... .....

b PART _t_'_r_ F'lr.,_-rj_J

ZN Z- Io_.

r ' .

VENPJoR

R,C.A.
tRANsisTor= QJ)QZ_G3,_Q,<I, _ Q_j_8, QII,

DIOD_ bl-- D_/_ DIO_ DI_) DIZ.

D_oPE_ DS_ "b¢_

•_pLo___._.,___b_±__

C_P,_crroP., C 5

CaP.4ciToR , C._

_.UI 1) _IWA _4

_-_ ,_1_¢-_,- Ii

_t_ S EO Ii- A'R I_'L- R- II

I 4._ K -__, _,_ _.,,

___. J ............. II K AE k/ikR-ll

_ R Z ?.......

_TR,k_ S__r-_3________.T_L ....... _ .......

ml:!,_ _ __F-?._ _l_ -r'_

TRANSFOIRM£R l I" .._



I
m

If

2

qr2

mJ
+

Q

k

i

(

k

m
U

J

Iii

"!i
_ u _ __

ec

.JJ_

• C

o

VB-15



I-/A Mi/ LT"-o_V 5 -F+,'_N b_ ._ b

PA_,T 5 L._S-T"

HSER 4167
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PARTS L_Sl- F'c_R

P^RT- 5 LJ_T" NO.

H A M I I-TON

PARTS

D,c, To D,C.

SK_Z&5

HSER 4167

CONV_--RT-_'R • CHOPPy'R:. /06.3 WAT_

____ .... ++_ .

I ?._..r,_

2. 7. 5_z_

2. (,.SK

I 3,3K

I 4-PTK

A-P+ tin+ _e /i RESiSTO_j i_.7-"7

_,P .e- -
A _ _,. ,+ ,, R_.._+_T_, R ?--8
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|

DI_ULATION /V_ N E

Cne.E ,'_ _','c,,-b E ,v 6 # . ___ D ,_ S o - _; ;_, D _ C T/e /'4 /9 ,#_ _ _ _ _ / /_,, 7-0 i _' _ _ _

SHIELD /veT _PP_ : c _ ,_vcE

'_.88_I"- NoT __q £_z_

IM_RESNATIOII N _ 4/E

OTH_- Dlmlonst Le_h Wlzl%h Height Volume Weight

T_TS _w_JIRED
MARK WAT_ PART NO, AND ATTACH TAG WITH TEST RESIn_T8

Date:)._/ ,- / _i--
Date

_1-21
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bu___l NoT" AiOpLl C/_SLE

IMPR_D.AT IO_ /_ N._

OTHER- Dimions, Le_ Width _elgn'_ Volume _,i_,_

R_I;STAIICI _E_I 5w,9_ A/vD /e E c_/_L_D

IMSULATI_ R_5_TA_CE N (_7"- A/o ,o L / c ,,_ ,_ _

:O_.4JlGI

_, "FA C. LE_D_5 W l'r H _Ipprov_1

Date: /._/_ =/g_
Dater
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DEVlI_PI_IT ' DIDgOTOR _A_ DATA SRE_ ATE" ; _/30/ --

I 'J', " ' , "' ........

" Winding I , _p_x. Tp_ Approx.
Saquenee;H. S. Part, No. ' Ah_ Le_,th Turns i Ina3 Reeishmc_

_'lll

"_":";"'_'''I __r" .s'_9:_,.,s"¢7 :_ ¢.,o t.O z--A ...../,q-_'_J.±_
*I

3 ----_ ' _S
s
S

| _|,

wlL_URcm uoem

S_I_D NoT A P P _ I c ,_ _ _.

_SIZ4_T

'DI'qtZZBIICTIOli

OTH]_- Dtmm_:f.o_t _ _ Height Volmae

T_STS _a_
_ P_T _0. _ _TaC_ T_ _ _T aSSm.TS

_iBIL_ZWI m_N_l

n

HoT APPA/c,qSL,_.

_P_'r APP L/cA 8L£
r

_qN_ .._--_:
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I
_Pl_ff _ Am) I}_UCTOR NAIgFJ_qIRI_ DaTA _HE_

-.r _.

CORE A _ N _ _. D _-_/_ R . I19 D _ .5"o - _ 2.

hu_.__l NeT APp,-lEA B L i!"

SHIELD _/o_- AP P_-#E ,_ _:

q

, T_J_UtLS 3_-F L_AD3 ---

A_I_Y /vo'r APPL_C _,_L__

I}_It_NATI(M /_o Iv F:

OTH]_- Dil_lOMt L4_J_h _ Hei4_h_ Volume W_.t_l'_

_ _0 _TrU T_T RES_.TS

VOLTAGE V_ . 0.2,. - A ',_ . - "

.__TI_ RIS_TAXCE
Iv'O T"

_.DI]_,_CE_= IV,;"T-

DIDtETAII_I N_ -F

VIi- _ ._
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I_OP_T TIAISleOIO_ _ _ mseo_acroaDeo DATaSX_,_ _ _/_ _,

Wt_
' C J Sequence: H. S. Part No.

PI

i: S,

S2

.%pprox,
,Wo _,¢th Tu=.,

Pl ._,_._o _ _, 3.0' _RrR'
• P_ _ ;,I_7 ,,_(., 3.0 _ 3R"

t

' I

_7_. ned- _v_ F,_ U s_

inal R eels_

I- _, d.t oC-'*-._oY,

_,,s_
=1- _ o._ &vc'P._o$

¢J_Z_ w,_ t,, SEGu£,VcE _oww,

"_X___ ,NOT AP :LI CA_L_..

_II(_Y /VoT /_pPLl c_SLE

LE/I/C.-T#. ,E _h,

"J_f._RIIATI_ NO'T _ P PL I C_B L _-

OTH_- _ion_t _ Width HeiSt Voiuae Weight

PART IO. BI9 AT_"H T_ WITH TEST RESULTS

ZIITO_AIOI
-lmliBr------

_,I, TA_ _EAZ>..S

TERHiNA L
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/

7" oRo s._

_I_ALS S_: = _ ._Z)_% - /_/N

_1_" N_'T- _FP,° _ c,_--E

LE 4,'_,,'_H ,_ /#

IX_NAIIOI NOT _p p cl c ABL___

__ Dill_ionlt _ Width Height Volume _et_h_

N£R_ _ P£RT NO. AND J_kO_ TAG _ T_T R_T8

"/FH h_ / _,4 i...

neer - - '. Dste: - .

V_-26
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ll1411_l_Jl'_lL17mO&TASX_
Scl L_4Ta_
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" V_ndt_

8eqneemeB, S. PI4_ No,
P_- [?;,,.r6 7

P3
J i

P_

I I lJ i jl

t

/;_ ,.<"

Be _,_nx_ o_A
_l)n= . T.¢. _.

£JO LenL.th rTurns troll aeet_

II*0" ,_ _:_ 3;.._ 1.7o +.m_l

.5,0 o,
.T' 0 "

i,

,11

_1o=, _,_,-qh,,--a p--,4-- aum=h,--_ [

]mmm_L,_m-nm Iins'_
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INSULATION N _ N E

I_._]Y_Y A/ O T A p P L , c A _ _. __
,, ._ ,

/_t / AJ L E" A_ G T H _b-- I" tl ,

D_I_I)NATI_ N_ r _ _op L _c_ _ L__

0_- Dimlo_t _h Width Height Volume Weight

m1_ PJClm._
lURK _ PART NO. AND ATTACH TAG _ I_T R_I_I_

No Lo_ D WI'F-N I V,__S (__ 3_K ¢ 314/E w_) v E: ,4 P p L lED 7"o T E _ /_ _/VA _. S

_O_AO_ o.;z,f"i v,_,_ ._ 7- g _'o _" _/_ ,,')_ o-_'f V_,,_s "3 - _ _,

DlSUlmTI011 I_S_STANC]¢ N oT ,_ ?p _/c ,4 ,_ _. £

DDIL_OTR]_3 _'T /_P_ _c4 _ cE

_lDt_tAlel

,(. T'A c,. L_,_ 0'5

TE_ ,"4_i ,,',..,/)

l_teee_ _/::_,, ./_'_

i T _ _4Pprov _1
Date: /_ / _.-.-.ao/_ ,.c-
Dater

_,r_i_,- 2



I HSER 4167

÷ •

1 I

TERN_IJI_ _j_ F= _ _'_0.5 - p//,,d, b _-,a/G r_ .5" /;;,

0_- Oillllioal_ _ Wid_ Height Volume Weight

_._ __.w_u_.,,_

_ 0 T [ _ /_ l _v_q_. _ I - (_ , /-_ G ,,_S u _O,__-

DXlUC'Ti_ A/ O T

Date= /_ ./3 c_/_-S--
Dat•:

V" _-_)
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CTOR MANUF__., / _ _:_

|

¢ _ gEED I_--K

• .__ D P,W ER

N

Color code and Phanir_ _ shown

_nlDlllO

Winding Approx. Term Approx.
Sequence H. S. Part No. iAWG Length Turns inal Resis_mc_

OL-_ ,';. 2_:.)y iz _' I' . .Z ._.:,, -,* -<Jl
c-d_ t'-??':::' t .-_ 1' ": /-2 _,._:_

.... *. %

i ,_

I I'

i I I

•_ $

± $
, $
± %

÷ $

INSULAT ION
W O_E

CORE

BO___N

T _',.M:LItALS

.,_Sat_,,mL,ZNOT A_ _.,_.:- -,,

IMPREGNATION [_O_:g

__ Dimensions: L_ngth Width Height Volume

• (_'ffq. _tJC,
TESTS REQUIRED

MARK WITH PART_.NO. AND ATTACH TAG _ TFST RESULTS

Weight

lvo LOAD W_Tt-_ 0.SqRf_S _3OK_S t.:_;S ._A.=.. A_r-'..,r:,, -,
V0LT*DE ._._ v_r.-__ _- Z: _ ,_kb,..._ C-6 . ,,:._;. z. _.:,, .P,__,', " _-

I_SULATI_ RESISTANCE HoT AI_PLICA[<=_

Engineer

Approval
Date:'/2_/',(.,
Date;
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I Winding Approx.

-- j Sequence H. S. Part No, AWG Length Turns
-_-3 ..,-_ r_ _,o'7 is?_-%-' _o

c F_ E_ 8AC_ 5;6 C_,7 "07 15_Z ID' t40
- c 5q _ _0 g 50 2, /A

e _¢-,I
q:b ";q7 _QT L9 I*

j . , ,.._,."7 Ilq /J 2.

k ']u' _9-h I_7"-07 IZ'd .t i _..u _ uW.wE_k

M _ol

s '%.F-lIT..._/

._,,ct___ 8 " i ' I

I i
.NLk-JFJ_C'_mTNn M_PI_

TRIeet:R

Color code _nd _asin_ as Sho_m

_INDD_
V'JI,";C U.._ SEQ,3£_c_

TeI.R
inal

7-RI

3°7
/-2
I'Z

!

ResisZanc=

/,'t3 *_z_
,/_ *__1
,i8 *._._
._)_ __z_*g
,01)_ _-I--"_

.. _ ._

±,,_

a

INSULATION

OTHER- Dimensions, Ler_th Width Height ..... VLl--7_._-e-- Weight

T_TS REQU_ED
M__Z W_TTNP&_T NO. _ ATTACH TAG W_ T_ST RE'SULTS - -

.. REBISTANCE _]/A ,, / i,/;_.__ r,,_,_!_ ..........................

VOLTAGE c6_:'-_.:_ ' .- - .................................... "'_ _--_÷---_ _ _L<. , .l<;_, --,_

INSULATION RESI3TANCE t',)/,Z t_ P('_ILA/d./__ .....

DIELECTRI_ Ij :iT: __ :d ..............

INDUCTANCE k/ _ ,- /h ,,p ._v: '"-_-:----En_--- - , ._,.

\":_ ;]
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TR_FORIQR AWD INDUCTOR MANUFACTDRIMG DATA SHEET DATE: //26/_/1

- - , B • .OF MAT_TAL AND W//wD_NG DATA
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